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Abstract 
Fleas (Siphonaptera) are obligate ectoparasites of mammals and birds. Due to their economic 
importance as disease vectors, most contemporary studies on macroparasites now also consider 
the spatial variation of parasite communities and the underlying mechanisms involved in shaping 
current distribution patterns. Fleas differ in life history traits, such as the level of host specificity 
and microhabitat preferences, which can result in differential evolutionary responses to similar 
abiotic events. The main objectives of this study are to investigate: (1) the influence of vicariance 
and host association on the genetic structure of two generalist flea species, Listropsylla agrippinae, 
and Chiastopsylla rossi. The taxa differ in the time spent on the host (fur vs. nest) and the level of 
host specificity; (2) the taxonomy of Dinopsyllus ellobius to determine whether more than one 
species exist and if so to then elucidate the mechanisms of speciation; and (3) the influence of flea 
life history on species distribution model performance and see if the relative importance of 
predictor variables differ between species with different life histories. A total of 1423 small 
mammals were brushed to collect 2906 flea individuals originating from 31 geographically distinct 
localities throughout South Africa (SA). Phylogeographic structure of L. agrippinae and C. rossi 
were determined by making use of 315 mitochondrial COII (mtDNA) and 174 nuclear EF1-α 
(nDNA) sequences. The more host specific fur flea, L. agrippinae, displayed pronounced spatial 
phylogeographic structure, based on mtDNA, which was congruent with host vicariance in the 
region. In contrast, the more generalist nest flea, C. rossi, showed a higher level of inter-
populational divergence, based on mtDNA and nDNA, and this may be attributed to comparatively 
higher restrictions to dispersal when compared to the more specific fur flea. In an attempt to resolve 
the taxonomy of D. ellobius, 151 mtDNA and 68 nDNA alleles were generated from individuals 
meeting the morphological description of D. ellobius. Two distinct D. ellobius lineages that 
corresponded to previously described species (D. ellobius and D. abaris) were recorded. The 
results indicate that the two species indeed differ morphologically and based on the distribution of 
the two species it was concluded that the diversification could be a result of climate driven 
vicariance and subsequent ecological segregation according to habitat use. Locality records from 
Segerman (1995) were digitized and used as background data in species distribution modelling. 
Sufficient information was obtained for 21 flea species. A total of 68 climatic and landscape feature 
predictor variables were obtained and through a process of elimination, 19 variables were 
ultimately used. Model performance was good to excellent on average and the contribution of 
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climate and landscape feature variables differed between fleas with different life histories. 
Historical and contemporary climate has the most prominent effect on flea distribution at the 
regional scale, but the level of host association influences the phylogeographic pattern of fleas. 
This study provides the first evidence of congruent phylogeographic patterns between a generalist 
temporary parasite and its hosts. Our findings provide further support for the notion that more than 
one species exist within the D. ellobius complex and that speciation is a result of complex 
interactions. The study also provides novel data on the role of environmental variables in shaping 
the geographic distribution of flea species with different life histories. With the anticipated rise in 
flea-borne diseases worldwide, due to changes in vector distribution, the study further emphasize 
the need for studying the mechanisms involved in shaping flea distribution patterns. 
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Opsomming 
Vlooie (Siphonaptera) is verpligte ektoparasiete van soogdiere en voëls. As gevolg van hul 
ekonomiese belangrikheid as vektore van oordraagbare siektes, neem meeste kontemporêre studies 
oor makroparasiete nou die ruimtelike variasie (vikariansie) van parasiet gemeenskappe en die 
onderliggende meganismes betrokke by die vorming van die huidige verspreiding patrone in ag. 
Vlooie verskil in lewensgeskiedenis eienskappe, soos die graad van gasheer spesifisiteit en 
mikrohabitat voorkeur, wat kan lei tot differensiële evolusionêre patrone tot soortgelyke abiotiese 
gebeure. Die belangrikste doelwitte van hierdie studie is om ondersoek in te stel na: (1) die invloed 
van vikariansie en gasheer assosiasie op die genetiese struktuur van twee algemene vlooi spesies, 
Listropsylla agrippinae en Chiastopsylla rossi. Die taxa verskil in die hoeveelheid tyd wat 
gespandeer word op die gasheer (pels vs. nes) en die graad van gasheer spesifisiteit; (2) die 
taksonomie van Dinopsyllus ellobius om te bepaal of daar meer as een spesie bestaan, en indien 
wel, die meganismes van spesiasie voortbring; en (3) die invloed van vlooi lewensgeskiedenis op 
die prestasie van die spesies verspreidings model en kyk of die relatiewe belangrikheid van 
omgewingsvoorspellers verskil tussen spesies met verskillende lewensgeskiedenisse. 'n Totaal van 
1423 klein soogdiere is geborsel om 2906 vlooi individue afkomstig van 31 geografies verskillende 
plekke in Suid-Afrika in te samel. Filogeografiese struktuur van L. agrippinae en C. rossi is bepaal 
deur gebruik te maak van 315 mitochondriale COII (mtDNA) en 174 kern EF1-α (nDNA) volgorde 
bepalings. Die meer gasheer spesifieke pels vlooi, L. agrippinae, het ruimtelike filogeografiese 
struktuur aangetoon, gebaseer op mtDNA, wat ooreenstem met gasheer vikariansie in die streek. 
In teenstelling hiermee het die minder gasheer spesifieke nes vlooi, C. rossi, 'n hoër vlak van inter-
populasie divergensie getoon, gebaseer op mtDNA en nDNA, wat toegeskryf kan word aan relatief 
hoër beperkings op verspreiding teenoor die meer gasheer spesifieke pels vlooi. In 'n poging om 
die taksonomie van D. ellobius op te los is 151 mtDNA en 68 nDNA allele gegenereer uit individue 
wat voldoen aan die morfologiese beskrywing van D. ellobius. Twee afsonderlike D. ellobius 
afstammelinge wat ooreengestem het met voorheen beskryfde spesies (D. ellobius en D. abaris) is 
aangeteken. Die resultate dui daarop dat die twee spesies inderdaad morfologies verskil en 
gebaseer op die verspreiding van die twee spesies is daar tot die gevolgtrekking gekom dat die 
diversifikasie moontlik toegeskryf kan word aan klimaat gedryfde vikariansie en daaropvolgende 
ekologiese segregasie volgens habitat gebruik. Geografiese verspreidings rekords van Segerman 
(1995) was gedigitaliseerd en gebruik as agtergrond data in die spesie verspreidings modelle. 'n 
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Totaal van 68 klimaat en landskap kenmerk voorspeller veranderlikes is verkry, en deur 'n proses 
van eliminasie, is 19 veranderlikes gebruik. Model prestasie was oor die algemeen goed tot 
uitstekend en die bydrae van klimaat en landskaps veranderlikes het verskil tussen vlooie met 
verskille in lewensgeskiedenis. Historiese en kontemporêre klimaat het die mees prominente effek 
op vlooi verspreiding by die plaaslike skaal, maar die vlak van die gasheer assosiasie beïnvloed 
die filogeografiese patroon van vlooie. Hierdie studie bied die eerste getuienis van 
ooreenstemmende filogeografiese patrone tussen 'n minder gasheer spesifieke, tydelike parasiet en 
sy gashere. Ons bevindinge bied verdere ondersteuning vir die idee dat meer as een spesie bestaan 
binne die D. ellobius kompleks en dat spesiasie 'n gevolg is van komplekse interaksies. Die studie 
bied ook nuwe data oor die bydrae van die omgewingsveranderlikes in die vorming van die 
geografiese verspreiding van vlooi spesies met verskillende lewensgeskiedenisse. Met die 
verwagte styging in vlooi-oordraagbare siektes wêreldwyd, as gevolg van veranderinge in vektor 
verspreiding, beklemtoon die studie verder die noodsaaklikheid vir die bestudering van die 
meganismes betrokke in die vorming van vlooi verspreiding patrone. 
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1. Siphonaptera 
1.1 Taxonomy and systematics 
Fleas (Siphonaptera) are obligate arthropod ectoparasites of mammals and birds. This highly 
specialized holometabolous insect order has a nearly global distribution and can be divided into 
246 genera, comprising approximately 2500 described species (Lewis 1998). Southern Africa is 
home to 30 of these genera and approximately 106 described species. More than half (≈ 65 species) 
are endemic to South Africa (SA) (modified from Segerman 1995). The families Xiphiopsyllidae 
(endemic to East Africa) and Chimaeropsyllidae, including two subfamilies of Hystrichopsyllidae 
(Dinopsyllinae and Listropsyllinae), are unique to the Afrotropical region (Segerman 1995). What 
gave rise to this diversity is not certain, but historically flea taxonomy was solely based on 
morphology. This trend has seen a shift more recently particularly with the advances in molecular 
techniques (e.g. Luchetti et al. 2005, 2007; Lawrence et al. 2014). Combining data from both 
sources has led to greater insights. Through the use of molecules, it was possible to construct a 
molecular phylogeny (Whiting 2002; Whiting et al. 2008; Zhu et al. 2015) and to revise some of 
the taxonomy based both on morphology and genetics (see Luchetti et al. 2005, 2007; Lawrence 
et al. 2014). 
 
Recent studies of fleas in other parts of the world have found high levels of intraspecific 
phylogenetic diversity (e.g. de la Cruz & Whiting 2003; Brinkerhoff et al. 2011; Lawrence et al. 
2014; Lin et al. 2014), emphasizing the probability of undetected cryptic diversity. In SA, similar 
uncertainties exist and a case in point can be presented in the form of the endemic Afrotropical 
subgenus Dinopsyllus (see Chapter 3) (Hopkins & Rothschild 1966; de Meillon et al. 1961; 
Segerman 1995). The distribution of Dinopsyllus ellobius is confined to the southern African 
subregion and in SA it appears to be restricted to more mesic biomes such as those found along 
the coastal belt and in-land grassland habitats (Hopkins & Rothschild 1966). Following 
morphological descriptions, Jordan (1930) recognized two distinct sub-species (D. e. ellobius and 
D. e. abaris), based on the size and shape of sternite VIII in males. Subsequently, while using the 
same distinguishing character, the two lineages were regarded as full species by Hopkins & 
Rothschild (1966). However, the two taxa overlap partly in ranges and have reportedly similar host 
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associations, and this single subtle morphological difference is thus also regarded by some as 
merely geographic variation within the same species, D. ellobius (de Meillon et al. 1961; Segerman 
1995). These uncertainties can be blamed on the subtle morphological differences coupled with 
the absence of genetic data for fleas in the region. 
 
Despite the discovery of two new flea species (based on morphological differences) near Garies 
in the Northern Cape Province of SA (Hastriter 1998, 2000), the taxonomy of the other flea species 
in the region has not received much attention. Most research to date is in fact heavily biased 
towards species that are of veterinary and medical importance (Mitchell 1921; Davis 1953; de 
Meillon et al. 1961; Sheperd & Leman 1983; Sheperd et al. 1983; Scwan 1986; Njunwa et al. 1989; 
Gage & Kosoy 2005; Stenseth et al. 2008). Flea host lists and distribution maps are available for 
SA, but are limited and/or outdated (see Segerman 1995). Descriptive studies have been conducted 
on fleas and other parasites associated with small and medium sized mammals in SA (Braack et 
al. 1996; Anderson & Kok 2003; Horak & Fourie 1986; Horak et al. 1999, 2004; Matthee et al. 
2010a, 2011) and particularly those found on scrub hare (Lepus saxatilis) (Louw et al. 1993, 1995), 
the four striped mouse (Rhabdomys spp.) (Tipton 1960; Zumpt 1961; de Meillon et al. 1961; Till 
1963; Ledger 1980; de Graaf 1981; Horak et al. 1986, 2005; Howell et al. 1989; Segerman 1995; 
Horak & Boomker 1998; Petney et al. 2004; Matthee et al. 2007, 2010; van der Mescht 2011), 
elephant shrews (Macroscelidopsylla albertyni) (Beaucournu et al. 2003) and several small 
carnivores (Horak et al. 1987, 1999, 2000, 2004; Matthee et al. 2011). To gain a better 
understanding of flea taxonomy and distribution in the region, more data are clearly needed. 
 
1.2 Flea biology 
The flea life cycle consists of six developmental phases, initiated when the fertilized egg is 
produced. Eggs hatch into larvae, then go through three larval moults, and develop into an inactive 
pupal phase (Marshall 1981; Krasnov 2008). Immature flea development occurs mostly in the off-
host environment where larvae feed on organic debris in the hosts nest/burrow (Marshall 1981; 
Krasnov 2008). Adult fleas emerge from the inactive pupae as soon as conditions are adequate and 
both sexes then require a blood meal before they can start mating (Marshall 1981; Krasnov 2008). 
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It has been suggested that fleas are permanent satellites of their hosts, referring to the association 
between fleas and their host species (Medvedev & Krasnov 2006; Krasnov 2008). Adult fleas are 
non-permanent parasites and can be classified according to their microhabitat preference; “fur” 
fleas spend most of their time in the fur of the host, whereas “nest” fleas spend more time in the 
nest of the host (Ioff 1941; Marshall 1981; Krasnov 2008). It should be noted that classification of 
flea microhabitat preference seems to be rather a continuum than strict and that some fleas are also 
classified as “fur/nest” fleas which spend equal amounts of time in the fur and nest of the host (see 
Krasnov 2008). Nest fleas are expected to be mostly affected by the off-host environment (e.g. 
relative humidity and temperature within the nest/burrow), whereas fur fleas will possibly be more 
affected by regional environmental variables (e.g. climate) and on-host mechanisms (e.g. 
interactions between parasites and host defence mechanism such as grooming or MHC 
complexes). In SA for example, Listropsylla agrippinae is considered a fur flea whereas 
Chiastopsylla rossi is considered a nest flea (see Chapter 2) (Segerman 1995). Some discrepancies 
exists surrounding the fur versus nest dichotomy, and although mainly attributed to ambient 
temperature, other factors like host behaviour, physiological status of fleas, and circadian and 
seasonal variation in flea behaviour have also been implicated as factors causing variation in this 
dichotomy (Krasnov 2008 and references therein). 
 
Ambient temperature, rainfall and relative humidity are considered the most important climatic 
variables for free-living arthropod ectoparasite survival, especially for fleas that are less associated 
with the host (Marshall 1981; Stark 2002). Ambient temperature and rainfall will be more constant 
at smaller spatial scales, while at larger spatial scales factors such as soil composition, nest 
behaviour of the host community and host species composition and abundance are more important 
determinants of flea diversity and species composition (Krasnov et al. 2015). Soil composition 
influences both the host and the vegetation of an area. Furthermore, soil structure affects the type 
of nests that can be constructed (Shenbrot et al. 2002). More specifically, soil texture is considered 
the most important environmental parameter for fleas that infest burrowing hosts as it affects 
relative humidity and ambient temperature within the host’s burrow (Osacar-Jimenez et al. 2001; 
Shenbrot et al. 2002). This in turn, may severely affect adult nest fleas (Krasnov et al. 2002a, b) 
and the development of immature stages within the burrow (Krasnov et al. 2001a, b). Changes in 
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soil composition can influence the distribution and nesting behaviour of potential host species 
(Shenbrot et al. 2002). 
 
Although a certain level of host preference is exhibited, fleas are predominantly generalist in host 
preference. Host specificity in fleas range from highly host specific (≤ 2 hosts) to -
opportunistic/generalist (> 2 hosts) (Marshall 1981; Combes 2001; Krasnov 2008). In SA for 
example, L. agrippinae is considered more host specific whereas C. rossi is considered less host 
specific (Segerman 1995). Listropsylla agrippinae has two principle host taxa (Rhabdomys spp. 
and Myotomys unisulcatus) whereas C. rossi has at least four main host taxa (Rhabdomys spp., 
Otomys irroratus, M. unisulcatus and Gerbilliscus brantsii) documented (Segerman 1995; 
Froeschke et al. 2013). The level of host specificity is determined by the adaptation of a parasite 
to various conditions related to ecological, behavioural, physiological and biochemical traits of a 
particular host or range of host species (Krasnov et al. 2003b). The abundance of highly host 
specific flea species seems to be controlled mostly by abiotic factors such as climatic conditions, 
whereas moderate and non-specific fleas are less influenced by abiotic factors, but rather more by 
host related factors such as host species composition and density (Krasnov et al. 2010a). Flea 
abundances generally differ between principle and auxiliary host species as well as within auxiliary 
host species, which may be attributed to the effect of feeding either on a principle or auxiliary host 
species (Khokhlova et al. 2012). These differences in flea abundance could be explained by the 
level of similarity between its principle host and the auxiliary host that a flea feeds on (Poulin 
2005). It has been surmised that the longer an evolutionary relationship exist between the flea and 
its principle host, the more efficient feeding and reproductive success will be for the flea while on 
its principle host (Krasnov 2008). Furthermore, generalist flea species commonly tend to have 
larger range sizes than specialist flea species (Krasnov et al. 2005a). It is therefore possible that 
the geographic range of generalist flea species will be determined mainly by the geographic 
distribution of their principal and auxiliary host species (Shenbrot et al. 2007). 
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2. Phylogeography 
The majority of parasite-host evolution studies focus at the macro-evolutionary scale by describing 
the spatial variation of parasite communities (e.g. Page 1994; Johnson et al. 2003; Clayton et al. 
2004). Micro-evolutionary processes, which are equally important, have received less attention 
(e.g. Nadler 1995; Clayton & Johnson 2003; Criscione et al. 2005). Since processes that act at a 
micro-evolutionary scale will in turn influence patterns at the macro-evolutionary scale (Huyse et 
al. 2005; Hoberg & Brooks 2008), more integration between the data sets are required to fully 
understand the mechanisms driving parasite-host evolution. Explaining micro-evolutionary 
processes in parasite host systems are however complex since the patterns are influenced amongst 
others by an interplay between abiotic factors, complex parasite life cycles, host biogeography, 
and variation in the level of parasite-host associations between taxa (see Criscione et al. 2005; 
Barret et al. 2008; Hoberg & Brooks 2008; Nieberding et al. 2004, 2008; Galbreath & Hoberg 
2012; Cangi et al. 2013; du Toit et al. 2013a; Fermino et al. 2013; Poretta et al. 2013b; Martinů et 
al. 2014). 
 
Phylogeographic studies have the potential to elucidate part of the micro-evolutionary processes 
through deciphering the spatial genetic structure of parasite and host lineages (see Hafner & Nadler 
1988; de la Cruz & Whiting 2003; Nieberding et al. 2004, 2005, 2006, 2008; Gómez-Díaz et al. 
2007; Jones & Britten 2010; Štefka et al. 2011; du Toit et al. 2013a; Lin et al. 2014). To date, 
studies comparing the phylogeography of parasites and their hosts have resulted in variable 
outcomes (e.g. Hafner & Nadler 1988; de la Cruz & Whiting 2003; Nieberding et al. 2004, 2005, 
2006, 2008; Gómez-Díaz et al. 2007; Jones & Britten 2010; Štefka et al. 2011; du Toit et al. 2013a; 
Lin et al. 2014). Some trends tend to suggest that variability is brought about by evolutionary 
processes that take place in a highly dynamic geographic context over a long period of time. 
Although paleoclimatic events are indicated as one of the main mechanisms driving speciation and 
extinction of host evolutionary lineages (Hewit 2000, 2001, 2011; Erwin 2009), the effect of this 
on parasitic lineages is not well investigated. 
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Globally, only a few studies have investigated the phylogeography of fleas, especially across a 
large geographic scale (de la Cruz & Whiting 2003; Gómez-Díaz et al. 2007; Luchetti et al. 2007; 
Jones & Britten 2010; Lin et al. 2014). To date, no study has compared the phylogeography of flea 
species that vary in host specificity and level of host association. In SA, phylogeographic 
investigations into parasites are equally rare. Only one recent study exists that indicates partial 
congruence in spatial genetic structure of a host specific louse (Polyplax) and its small mammal 
host (Rhabdomys) (du Toit et al. 2013a). The more host specific fur flea, L. agrippinae, and the 
less host specific nest flea, C. rossi, provide us with the perfect opportunity to compare 
phylogeographic patterns within a generalist parasite. Using the subtle differences in life history 
between the two species, it is proposed that better substantiated inferences can be made regarding 
the factors affecting dispersal in this taxonomic group. 
 
3. Factors that shape flea phylogeographic patterns 
3.1 Biological traits/Life history of the parasite 
Flea life history (e.g. host specificity and microhabitat preference) can influence the geographic 
distribution of a species (Poulin & Krasnov 2010) and should ultimately be reflected in its spatial 
genetic structure (Krasnov & Poulin 2010). Variation in level of host specificity could affect the 
spatial genetic structure of a parasite by influencing its distribution within a host population, 
community and environment (Krasnov et al. 1997; Medvedev & Krasnov 2006; Froeschke et al. 
2013). For example, more host specific avian body lice show higher congruence in spatial genetic 
structure with the host compared to less host specific wing lice which can be attributed mainly to 
differences in dispersal ability (Clayton & Johnson 2003). Although both lice depend on host 
contact for dispersal, the less host specific wing lice sometimes disperse via a phoretic association 
with parasitic flies which most likely explain the lower congruence in spatial genetic structure with 
the host (Clayton & Johnson 2003). Given the multi-host behaviour of fleas one would expect 
lower levels of congruence in spatial genetic structuring relative to hosts, compared to a highly 
host specific and permanent parasite, such as lice (Marshall 1981; Clayton & Johnson 2003; Huyse 
et al. 2005; Barrett et al. 2008). The influence of the level of host specificity on flea spatial genetic 
structure remains unknown at the moment. Although fleas are generalist parasites, it is anticipated 
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that higher levels of host specificity could lead to higher dispersal potential with the host and thus 
higher spatial genetic structure with the host. 
 
Furthermore, parasites also display variations in their life cycles, ranging from complex or indirect 
life cycles (e.g. some nematodes) to direct life cycles (e.g. lice). Permanent parasites with direct 
life cycles are generally more dependent on host movement (vertical transmission: host-to-host or 
host-mediated dispersal) for dispersal and are thus more likely to show congruent spatial genetic 
structure with their hosts (Blouin et al. 1995, 1999; Johnson et al. 2003). In contrast, parasites that 
have multiple free-living stages (e.g. ticks) not only depend on host movement (i.e. vertical 
transmission), but are also more mobile themselves and can come into contact with other host 
individuals and species (horizontal transmission: high parasite mobility) (Marshall 1981; Huyse et 
al. 2005). Although adult fleas have a closer association with the body of a host, large scale 
movement may be restricted by the dependence of the immature stages on the host nest. Thus, 
fleas should show lower levels of congruence with host spatial genetic structure when compared 
to direct life cycle species, because all life stages of these parasites do not track the movements of 
one host species (Gómez-Díaz et al. 2007; Jones & Britten 2010). However, the question remains 
as to how differences in microhabitat preference will influence spatial genetic structure within 
fleas. For example, fur fleas spend more time on the host which could increase their dispersal 
potential with the host and may thus result in lower spatial genetic structure. In contrast, nest fleas 
spend more time in the nest of the host which could mean lower dispersal potential and they may 
thus show higher spatial genetic structure across the landscape. Since higher levels of host 
association may also lead to higher levels of congruence between phylogeographic patterns 
obtained for the parasite and host (Clayton & Johnson 2003; Huyse et al. 2005; Barrett et al. 2008), 
it is predicted that the fur flea will show more host congruence than the nest flea. 
 
3.2 Population demography: Effective population size of the parasite 
The effective population size of parasites can also affect the level of congruence in spatial genetic 
structure of parasites and its hosts. Parasite prevalence and abundance are generally related and 
both are also correlated to effective population size. Hence, low prevalence and low abundance of 
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parasites is generally interpreted to reflect lower effective population sizes (Anderson et al. 1998; 
Blouin 1998; Blouin et al. 1999). Lower effective population size in parasites usually results in 
higher congruence in spatial genetic structure with the host (and also lower genetic diversity 
locally) when compared to parasites with larger effective population sizes. Low effective 
population sizes will increase the chances for genetic drift (Blouin et al. 1995; Huyse et al. 2005). 
Higher effective population size in parasites usually result in lower congruence in spatial genetic 
structure with the host as well as higher genetic diversity locally (Blouin et al. 1995; Huyse et al. 
2005). Host specific permanent parasites, like lice, generally have low prevalence and abundance 
on their host (Marshall 1981). These parasites are thus expected to have smaller effective 
population sizes and higher probability of congruent spatial genetic patterns with the host (de 
Meeús 2000). However, the effective population size of parasites with multiple free-living stages 
and those that are less host specific can be more complicated to interpret because these parasites 
vary in prevalence and abundance on the host (Marshall 1981). The estimation of effective 
population size for fleas are further perplexed by offspring that could be released into the off-host 
environment where they can come into contact with other populations and possibly be recruited 
again at a later stage (Criscione et al. 2005). For example, it might be more difficult to predict 
effective population size for nest fleas (that have more individuals present in the nest of the host) 
from adult flea individuals sampled on the host as this may not be a good representative sample of 
the actual nest flea population. 
 
3.3 Host related factors 
The dispersal ability of species will affect genetic variation among presumably isolated distant 
populations. The ability to disperse will have a direct effect on gene flow which in turn is affecting 
the rate of genetic drift between populations. In the case of a parasite, gene flow is usually closely 
linked to the dispersal ability of the host (see Blouin et al. 1995; Johnson et al. 2003; McCoy et al. 
2003; Huyse et al. 2005). For example, gene flow in parasites with direct life cycles (normally also 
more host specific) is primarily determined by host contact and movement, which could result in 
parasite speciation in response to host speciation (Blouin et al. 1995, 1999; Johnson et al. 2003; 
McCoy et al. 2003). While in the case of temporary parasites, gene flow is determined by host 
contact and movement as well as movement of the parasite itself. 
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Besides parasite life cycle and level of host association, the host biogeography also contributes to 
parasite spatial genetic patterns (Nieberding et al. 2008; du Toit et al. 2013a). In SA, taxon pulses 
and vicariant barriers have had similar influences on multiple small mammal host species (Matthee 
& Robinson 1996, 1997; Jansen van Vuuren & Robinson 1997; Rambau et al. 2003; Russo et al. 
2006, 2010; Smit et al. 2007; Willows-Munro & Matthee 2011; Edwards et al. 2011; Engelbrecht 
et al. 2011; Montgelard & Matthee 2012; du Toit et al. 2012), but the influence on parasite 
phylogeography has only been studied once (du Toit et al. 2013a). The significant geological and 
climatic events in the natural history of SA will be discussed in the following section. 
 
3.4 Abiotic factors 
Parasites with free-living stages and particularly those that are less host specific are also affected 
by the off-host environment (Gómez-Díaz et al. 2007; Jones & Britten 2010). Geological events 
during the post-Gondwana period had arguably the most significant influence on the present-day 
environment of southern Africa. Uplift and tilting coupled with weathering and erosion during the 
middle Miocene resulted in significant changes in the southern African landscape (Partridge & 
Maud 1987). For example, the uplift of the Great Escarpment in SA, at the edge of the plateau 
separating the coast from the interior Highveld, is predicted to have happened between 20-500 
million years ago (Dollar & Goudie 2000). Major geomorphic post-rifting events contributed to 
changes in climate. The change in climate from glacial to drier conditions toward the end of the 
Miocene seems to be attributed to the growth of the Antarctic ice sheet (Partridge 1990) as well as 
the formation of the Agulhas and Benguela currents along the coastline (Dollar & Goudie 2000). 
These macro-scale geological processes related to plate tectonics and subsequent climatic changes 
over evolutionary time has resulted in the establishment of modern biomes in SA (Coetzee 1978; 
Scott et al. 1997). Biomes each have their own set of environmental elements (e.g. rainfall pattern, 
plant species composition and vegetation structure), which have acted and are still acting as 
determinants in historical and contemporary biodiversity patterns. It is thus not surprising that 
studies on various vertebrate taxa in SA points toward divergences among lineages that coincide 
with the paleoclimatic events during the Pliocene and Pleistocene (Matthee & Flemming 2002; 
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Tolley et al. 2006, 2008; Smit et al. 2007; Willows-Munro & Matthee 2009, 2011; Russo et al. 
2010; Montgelard & Matthee 2012; du Toit et al. 2012). 
 
Biome-related vegetation changes and topographical variation across landscapes influence gene 
flow and therefore play an important role in shaping the range size and position of various plant 
and animal taxa in SA (Montgelard & Matthee 2012). A topographic example is the Great 
Escarpment in SA that seems to have acted as a contemporary barrier in reducing contact and 
subsequent gene flow between small mammals based on altitudinal differences (e.g. Edwards et 
al. 2011; du Toit et al. 2012). The ‘Bedford Gap’ is a good example of a biome-related vegetation 
barrier in SA (Lawes 1990). Vegetation in this area is known as the Albany Thicket and it is the 
meeting place of at least five biomes in SA (Mucina & Rutherford 2006). The area is considered 
a contact zone where ecologically and genetically differentiated small mammal individuals could 
occur sympatrically. A specific example is a phylogeographic study that was conducted on 
Rhabdomys that identified three distinct genetic lineages displaying overlap in their distribution in 
this region (du Toit et al. 2012). More recently, it has been suggested that both taxon pulses 
(episodes of range contraction and expansion) and vicariance (barrier leading to isolation) have 
been acting across micro- and macro-evolutionary scales (Hoberg & Brooks 2008). In SA, the 
majority of studies suggested that the mechanism responsible for the geographic genetic 
differentiation among clades can be correlated with biome-related paleoclimatic changes and, to 
some extent, also changes in topography (Matthee & Robinson 1996, 1997; Jansen van Vuuren & 
Robinson 1997; Rambau et al. 2003; Russo et al. 2006, 2010; Smit et al. 2007; Willows-Munro & 
Matthee 2011; Edwards et al. 2011; Engelbrecht et al. 2011; Montgelard & Matthee 2012; du Toit 
et al. 2012). 
 
These biogeographic changes can significantly affect parasite-host interactions through 
evolutionary time (Hoberg & Brooks 2008). Parasites with direct life cycles and those that are 
more host specific, that have a shared biogeographic history with their host, could result in 
congruent spatial genetic patterns through similar responses to evolutionary events (e.g. 
vicariance) (Hoberg & Klassen 2002; Nieberding et al. 2004; Hoberg & Brooks 2008). However, 
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biogeographic changes can also directly affect the spatial genetic structure of parasites with free-
living stages and those that are less host specific (Hoberg & Brooks 2008; Nieberding et al. 2008). 
The effect on flea spatial genetic structure remains as yet unstudied for SA. 
 
4. Aims and objectives 
The overall aim of the current study is to explore the mechanisms involved in shaping distribution, 
diversity and diversification of selected flea species occurring in SA. The main objectives of the 
PhD study are to test if: 
 
1. Fleas with different levels of host association (microhabitat preference and host specificity) 
differ in spatial genetic structure. If niche breath (number of hosts it parasitize) and time spent 
on the host affect 1) genetic diversity of the parasite and 2) congruence in phylogeographic 
structure between parasites and hosts (McCoy et al. 2001; Gómez-Díaz et al. 2007; Jones & Britten 
2010), it is predicted that the more host specific fur flea (L. agrippinae) will show lower levels of 
intraspecific genetic diversity and also more similarities to the vicariant patterns of the hosts they 
infest when compared to the less host specific nest flea (C. rossi). In other words, genetic distances 
among individuals from different sampling sites are expected to be higher for the nest flea (C. 
rossi) when compared to the fur flea (L. agrippinae) since the latter can utilize the host more for 
dispersion. 
2. Dinopsyllus ellobius contains cryptic diversity throughout SA. Given the wide host range, 
the previous description of two species (D. ellobius and D. abaris by Hopkins & Rothschild 1966) 
based on a morphological character, and the potential effect of host and habitat vicariance on the 
evolution of fleas in the region, we predict that D. ellobius (as described by de Meillon et al. 1961; 
Segerman 1995) may contain cryptic diversity in the region. 
3. Species distribution model performance and the relative importance of predictor variables 
differ between flea species with different levels of host association (microhabitat preference 
and host specificity). It is predicted that fur fleas will be more accurately modelled due to being 
more strongly affected by variables associated with regional environmental conditions (e.g. 
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climate), while nest fleas will be less accurately modelled due to being affected by conditions 
within the host nest or burrow (e.g. soil conditions and microclimate; since all life stages spend 
the majority of their life cycle off the host and have limited dispersal capabilities). Furthermore, 
we predict that host specific fleas will be more strongly associated with the abiotic variables 
constraining their host’s distribution (and therefore will be more accurately modelled by SD 
modelling) than host opportunistic fleas in the region. This is expected because host specific fleas 
may have been adapted to the immediate environment of their specific host and thus are expected 
to tolerate a narrower range of physical conditions compared to host opportunistic fleas (Krasnov 
et al. 2003b, 2015; Krasnov 2008; Shenbrot et al. 2007). 
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Chapter 2 
Comparative phylogeography between two generalist flea species reveal a 
complex interaction between parasite life history and host vicariance: Parasite-
host association matters 
*BMC Evolutionary Biology 15 (2015): 105 
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1. Introduction 
Paleoclimatic events have been put forward as one of the main mechanisms causing speciations 
and extinctions of evolutionary lineages (Holt 1990; Hewitt 2000, 2011; Erwin 2009). The 
differences in ecology and life history of taxa, however, often result in differential species-specific 
responses to similar climatic events (Davis et al. 2005; Araújo et al. 2008; Montgelard & Matthee 
2012) and a simple explanation describing speciation processes hardly exists. For parasitic taxa 
the situation is further perplexed by complex life cycles, host biogeography, and the level of 
parasite-host associations (Criscione et al. 2005; Barrett et al. 2008; Hopberg & Brooks 2008; 
Nieberding et al. 2008; Cangi et al. 2013; du Toit et al. 2013a; Fermino et al. 2013; Poretta et al. 
2013b; Martinů et al. 2014). Although some progress has been made regarding this topic 
(Nieberding et al. 2004; Galbreath & Hoberg 2012; Morand 2012; Olival et al. 2013) more 
quantifiable data are needed to make more accurate predictions on for example the factors affecting 
range expansions and connectivity among populations. For many parasitic taxa, this is desperately 
needed from a disease ecology perspective (Bitam et al. 2010; Daszak et al. 2010). 
 
In southern Africa, several phylogeographic studies have been performed on small vertebrate taxa 
(for example see Matthee & Flemming 2002; Bauer & Lamb 2005; Smit et al. 2007; Russo et al. 
2010; Engelbrecht et al. 2011; Willows-Munro & Matthee 2011; du Toit et al. 2012). From these 
studies, paleoclimatic changes are once again suggested as one of the main drivers of evolution. 
Congruent phylogeographic patterns among lizards, rodents, shrews and elephant shrews also 
suggested the existence of vicariant biogeographic barriers in the region (for review see Linder et 
al. 2010; Montgelard & Matthee 2012). Of particular relevance to the present study is the support 
for regional vicariance found in Rhabdomys (du Toit et al. 2012), Myosorex (Willows-Munro & 
Matthee 2011), Otomys (Engelbrecht et al. 2011) and Micaelamys (Russo et al. 2010). These small 
mammals show distinct genetic clades that can be associated with the xeric western succulent 
biomes and the more mesic eastern predominantly grassland biome of southern Africa (Fig. 2.1a; 
Fig. A.1; also see Montgelard & Matthee 2012). In addition, Rhabdomys, Myosorex and 
Micaelamys show differentiation to a larger or lesser extent between the winter rainfall zone and 
the aseasonal rainfall zone in the Cape Floristic Region (Fig. 2.1a; Fig. A.1; also see Linder et al. 
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2010). From these studies it is evident that the diversification of small mammals in the region is 
driven by complex interactions between life history, climate and topographic barriers. 
 
The effect of vicariant barriers on the evolution of parasites occurring in southern Africa is 
virtually unknown. An exception to this is provided by (du Toit et al. 2013a), who recently 
indicated partial congruence in spatial genetic structure between Rhabdomys and its species 
specific lice, Polyplax. Distinct genetic clades in the parasites and in the hosts supported the 
documented mesic eastern and xeric western divide in the subregion (see above). Co-evolution 
analyses, however, failed to support a strong signal of geographic co-differentiation between 
parasite and host and the authors suggested that the resultant pattern is due to the synergistic effects 
of parasite traits (host specificity), host-related factors (the vagility and social behavior of 
Rhabdomys) and the biogeography (vicariance) of the region (du Toit et al. 2013a). To expand on 
these findings, we here present phylogeographic data on two generalist flea species occurring on 
Rhabdomys and other small mammal species in southern Africa. 
 
Individual flea species are normally adapted to utilize a variety of hosts in the environment and 
are all obligatory blood feeders of endothermic vertebrates (Marshall 1981; Krasnov 2008). The 
life cycle consists of four stages (egg, larva, pupa, and adult) and fleas are dependent on the nest 
environments of the hosts to variable extent (Marshall 1981). Immatures develop entirely in the 
off-host environment while adult stages have to spend some time on the host to obtain a blood 
meal. The length of time that is spent on the host, however, varies between flea taxa (Ioff 1941; 
Marshall 1981; Krasnov 2008). This observation has provided an opportunity to coarsely classify 
fleas according to their microhabitat preference as either a “fur“ (adult stage spend more time on 
the host) or a “nest“ flea (adults spend more time in the nest/burrow of the host) (Ioff 1941; 
Marshall 1981; Krasnov 2008). These differences can have profound effects on the ability of the 
flea species to disperse over the landscape and we therefore predict that fur fleas will show more 
phylogeographic congruence with the host/s (adult fleas spend more time on the host and can thus 
disperse over the landscape) and nest fleas will show more restricted gene flow across the 
landscape (since all juveniles and the adults spend the majority of their life cycle off the host and 
have limited dispersal capabilities). 
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Figure 2.1 Map indicating a) localities sampled with their respective codes indicated as in Table 
2.1. The vicariant breaks in South Africa (1) winter and aseasonal rainfall break and (2) xeric and 
mesic biomes are indicated by white dashed lines, b) the mapped distribution of L. agrippinae 
and c) C. rossi are taken directly from Segerman (1995). 
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To test the hypothesis that fleas with different levels of host association will differ in spatial genetic 
structure, the fur flea, Listropsylla agrippinae, and the nest flea, Chiastopsylla rossi (Segerman 
1995; van der Mescht et al. 2013) were selected. Both L. agrippinae and C. rossi are widespread 
throughout southern Africa (Fig. 2.1) (de Meillon et al. 1961; van der Mescht et al. 2013) and span 
at least two well documented vicariant biogeographic barriers in the region (Fig. 2.1) (Linder et 
al. 2010; Montgelard & Matthee 2012). Apart from differences in the duration of time adults spend 
on the host, the two species also differ in the level of host specificity (niche breath). Listropsylla 
agrippinae has two principle host taxa (Rhabdomys spp. and Myotomys unisulcatus) whereas C. 
rossi has at least four main host taxa (Rhabdomys spp., Otomys irroratus, M. unisulcatus and 
Gerbilliscus brantsii) documented (Segerman 1995; Froeschke et al. 2013; van der Mescht et al. 
2013). It has been suggested that host specificity may influence the level of intraspecific genetic 
divergences since more generalist parasite species will show a higher level of intraspecific genetic 
variation enabling them to infest a broader host range (McCoy et al. 2001; Gómez-Díaz et al. 2007; 
Jones & Britten 2010). Furthermore, microhabitat preference (specifically referring to fur vs nest) 
is not always related to host specificity, meaning that fleas may differ in host specificity 
irrespective of microhabitat preference (see de Meillon et al. 1961; Segerman 1995; Krasnov 
2008). If niche breath and time spent on the host affect 1) genetic diversity of the parasite and 2) 
congruence in phylogeographic structure between parasites and hosts (McCoy et al. 2001; Gómez-
Díaz et al. 2007; Jones & Britten 2010), we predict that L. agrippinae, when compared to C. rossi, 
will show lower levels of intraspecific genetic diversity and also more similarities to the vicariant 
patterns of the hosts they infest. Genetic distances among individuals from different sampling sites 
are expected to be higher for the nest flea, C. rossi, when compared to the fur flea, L. agrippinae, 
since the latter can utilize the host for dispersion. By considering the interplay between life history 
and geography, the present study should add valuable information needed to explain some of the 
evolutionary processes that shape ectoparasite distribution and diversity. 
 
2. Materials and Methods 
2.1 Sample collection 
Small mammal trapping was performed during 2010 - 2013 at 20 localities (natural areas and low 
density grazing farms) in South Africa (SA) (Fig. 2.1a; Table 2.1). Baited Sherman-type live traps 
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were set in a line transect and sampling varied between 4 to 7 days per locality. All adult specimens 
of species that are listed as potential hosts for the two flea species were selected and juveniles were 
released at the trap site. Trapped animals were placed in a plastic bag before they were euthanized 
with sodium pentobarbital (200 mg/kg; ethical approval reference number SU-ACUM11-00004). 
The bodies were brushed over a white plastic tray and all fleas were collected. The brush was 
inspected and cleaned (using 96 % ethanol) after each animal was processed and new brushes were 
used for each host species at each locality. Individual fleas were placed in separate tubes filled 
with 96 % ethanol. Before DNA extraction, preliminary identification of L. agrippinae and C. 
rossi individuals was performed using a Leica stereoscopic microscope (Leica Microsystems, 
Wetzlar, Germany) and the taxonomic key of (Segerman 1995). After DNA extraction the 
exoskeletons of all extracted fleas were mounted (see van der Mescht et al. 2013) and a thorough 
morphological identification was done under a Leica DM 3000 light microscope (Leica 
Microsystems, Wetzlar, Germany) using the key of Segerman (1995). Most of the host species that 
were trapped during the study are quite common and widely distributed throughout SA. As a result 
voucher specimens of the species are readily available in several museums. In the case of the fleas, 
voucher specimens will be deposited in the Museum of the Department of Conservation Ecology 
and Entomology (Stellenbosch University) and the National Flea Collection in Johannesburg (both 
in SA). 
 
2.2 DNA extraction, amplification and sequencing 
Total genomic DNA was extracted with a Qaigen, DNeasy® Blood and Tissue kit (Qaigen, 
Valencia, CA, USA) following the protocol of the manufacturer. Whole flea specimens were 
placed in the extraction buffer containing Proteinase K (600 mAU/ml solution or 40 mAU/mg 
protein), and digested at 56°C overnight. After digestion, flea exoskeletons were removed for 
identification purposes (see above). Polymerase Chain Reactions (PCR) and sequencing were 
performed on the mitochondrial Cytochrome Oxidase II (COII) gene and the nuclear intron 
Elongation Factor 1 alpha (EF1-α) using published primers (Whiting 2002; Whiting et al. 2008; 
Table 2.1; Table B.2). Nuclear and mitochondrial regions were amplified using a GeneAmp® PCR 
2700 thermal cycler (Applied Biosystems, Foster City, CA, USA). Mitochondrial COII and 
nuclear EF1-α regions were amplified following standard procedures (Table B.2). Sequencing was 
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performed on an ABI 3730 XL DNA analyzer (Applied Biosystems) using BigDye termination 
chemistry (version 3.1, Applied Biosystems). 
 
Table 2.1 Locality information from where specimens were obtained for each of the two flea 
species, with codes corresponding to Fig. 2.1. 
Province Locality Code Geographic coordinates 
L. agrippinae (n) C. rossi (n) 
COII EF1-α COII EF1-α 
Western Cape Anysberg AB -33.46 S 20.59 E 5 1 14 13 
  Beaufort West BW -32.22 S 22.80 E 13 7 14 6 
  Buffeljagsrivier BR -34.05 S 20.53 E 6 0 10 9 
  Kanu CS -33.95 S 18.83 E 10 5 7 6 
  Mooiplaas MP -33.92 S 18.75 E 4 4 11 8 
  Vanrhynsdorp VR -31.73 S 18.77 E 5 3 15 11 
         
Northern Cape Dronfield DF -28.74 S 24.77 E * * 4 3 
  Garies GS -30.43 S 17.89 E 10 4 5 4 
  Loeriesfontein LF -30.95 S 19.44 E 15 6 16 14 
  Springbok GP -29.70 S 18.03 E 14 6 3 2 
  Sutherland SL -32.40 S 20.90 E 14 4 8 8 
  Three Sisters TS -31.89 S 23.15 E 10 2 * * 
         
Eastern Cape Alice AL -32.79 S 26.85 E * * 5 2 
  Dohne DE -32.53 S 27.46 E 11 2 10 5 
  Fort Beaufort FB -32.78 S 26.63 E 9 3 17 8 
  Hogsback HB -32.59 S 26.92 E * * 17 10 
  The Croft TC -32.55 S 27.37 E * * 11 6 
         
Gauteng Kaalplaas KP -25.63 S 28.17 E * * 5 5 
         
North West Mooinooi MN -25.47 S 27.33 E * * 8 2 
         
KwaZulu-Natal Albert Falls AF -29.47 S 30.40 E * * 9 5 
6 provinces 20 localities   126 47 189 127 
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2.3 Alignment and phylogenetic analyses 
Sequences for each gene fragment were edited and aligned using BioEdit Sequence Alignment 
editor 7.2.5 (Whiting et al. 2008). Mitochondrial sequences were translated into amino acids using 
EMBOSStranseq (www.ebi.ac.uk/Tools/st/emboss_transeq) to confirm functionality. 
Heterozygous positions in the nuclear fragments were resolved in DNASP 5 (Librado & Rozas 
2009) using PHASE 2.1.1 (Stephens et al. 2001, 2005). The algorithm was run for 1000 
generations with a thinning interval of 1 and burn-in of 100 generations. Phases with a 0.9 
probability or higher were considered resolved and the analysis was performed three times to see 
if there was any significant difference in results between runs (Stephens et al. 2001). 
 
2.4 Diversity indices and population level analyses 
Nucleotide diversity (π) and haplotype diversity (h) values were obtained using DNASP 5 (Librado 
& Rozas 2009). The evolutionary relationships between haplotypes were investigated by 
constructing statistical parsimony networks with 95 % confidence intervals in TCS 1.21 (Clement 
et al. 2000). The best-fit models of sequence evolution were determined for each fragment under 
the AICc (Akaike 1973; Posada & Buckley 2004) in jModelTest 2.1.4 (Posada 2008; Darriba et 
al. 2012). To further gain an evolutionary perspective on the association between clusters, 
individual HKY-corrected networks of each flea species were drawn for mitochondrial COII and 
nuclear EF1-α using the Neighbor-Net method (Bryant & Moulton 2004) implemented in 
SplitsTree 4.5 (Huson & Bryant 2006). HKY-corrected sequence distances among mitochondrial 
COII and nuclear EF1-α were calculated using PAUP* v4.0b10 (Swofford 2000). To investigate 
population structure without a-priori assumptions, a Bayesian Analyses of Population Structure 
(BAPS) was performed in BAPS 6.0 (Corander et al. 2008) on the mtDNA data. Spatial genetic 
mixture analyses of individuals and of groups were performed independently using a vector of 
maximum K values (each replicated 5 times; Excoffier et al. 1992, 2010). Analysis of molecular 
variance (AMOVA; Excoffier et al. 1992) and pairwise Φst statistics between sampled populations 
were performed in ARLEQUIN 3.5.1.2 (Excoffier et al. 2010). Only sampling localities with more 
than 5 individuals were included. The AMOVA higher level group differentiations were defined 
based on the subclusters obtained in the BAPS analysis (only sampling localities with more than 
5 individuals were used). Mantel tests (Mantel 1967) were performed to test for isolation by 
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distance in ALLELES IN SPACE (Miller 2005). Spatial genetic structure was further explored by 
making use of genetic landscape shape interpolation surface plots constructed in ALLELES IN 
SPACE (Miller 2005). 
 
2.5 Dating main phylogenetic events 
We used a relaxed exponential Bayesian molecular clock as implemented in BEAST 2.1.3 
(Bouckaert et al. 2014) to estimate divergence time between clusters. Siphonaptera lacks a useable 
fossil record and as a calibration point we employed the 2.3 % per million years estimated for 
various arthropod taxa (Brower 1994; Kandul et al. 2004). The HKY + G model was used and the 
birth-death process of speciation with exponential priors specified. MCMC simulation ran for 20 
million generations, sampling every 10 000 generations for each of the two runs performed. 
Convergence and mixing were assessed in Tracer 1.6 (Bouckaert et al. 2014) and the first 25 % of 
the trees were discarded as burn-in. A maximum clade credibility tree was produced in 
TreeAnnotator 2.1.3 (Bouckaert et al. 2014). 
 
3. Results 
3.1 Parasite prevalence and distribution 
Both R. pumilio and R. dilectus were trapped at a contact zone, Fort Beaufort (also see du Toit et 
al. 2012), and represent the only locality where more than one Rhabdomys species was trapped 
(see Table B.1). Listropsylla agrippinae was recorded at lower prevalence at the majority of 
localities when compared to C. rossi (Fig. 2.2; Table B.1). Listropsylla agrippinae was found on 
six host species and was most prevalent on R. intermedius (23.02 %) (Fig. 2.2a). Chiastopsylla 
rossi was found on nine host species, but was most prevalent on R. intermedius (38.89 %) and O. 
irroratus (37.31 %) compared to the other seven host taxa (Fig. 2.2b). Individuals selected for 
sequencing were representative of the various host species trapped at each locality (Fig. 2.2; Table 
B.1). 
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Figure 2.2 The number of individuals sequenced and prevalence of a) L. agrippinae and b) C. 
rossi sampled from different small mammal host species at 20 localities throughout South Africa. 
 
3.2 Characteristics of molecular markers 
Mitochondrial COII data for 126 L. agrippinae and 189 C. rossi specimens were generated and 
attempts were made to generate a similar nuclear EF1-α data set. Nuclear amplification was less 
successful but we nonetheless identified 94 L. agrippinae and 254 C. rossi nuclear alleles (Table 
2.2) [GenBank: KR 263182-263844]. Haplotype and nucleotide diversity values were lower for L. 
agrippinae when compared to C. rossi for mitochondrial COII and nuclear EF1-α data (Table 2.2). 
Unexpectedly, the nuclear EF1-α data for both species resulted in higher diversity estimates in 
terms of haplotypic and nucleotide diversity when compared to the mitochondrial COII data (Table 
2.2). 
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Table 2.2 Summary statistics for the mitochondrial DNA (COII) and nuclear intron (EF1-α) 
markers sequenced from L. agrippinae and C. rossi. The number of sequences/alleles, total number 
of haplotypes, total number of singleton haplotypes, fragment length (bp), number of polymorphic 
sites (P), nucleotide diversity (π) and haplotype diversity (h) is indicated. 
  
Sequences/ 
Alleles 
Total 
haplotypes 
Singleton 
haplotypes 
bp P π ± SD h ± SD 
COII        
L. agrippinae 126 35 13 576 62 0.013 ± 0.003 0.925 ± 0.015 
C. rossi 189 51 26 513 69 0.021 ± 0.006 0.958 ± 0.005 
        
EF1-α        
L. agrippinae 47/94 54 42 593 88 0.010 ± 0.003 0.946 ± 0.017 
C. rossi 127/254 177 90 579 184 0.022 ± 0.004 0.994 ± 0.001 
 
3.3 Phylogeographic analyses 
3.3.1 Listropsylla agrippinae 
TCS statistical parsimony analysis based on the mitochondrial COII data showed two distinct 
clusters (L1 and L2; Fig. 2.3a and b) that could not be connected within the 95 % confidence 
interval. These two clusters are separated by an average corrected mtDNA sequence divergence of 
3.02 % (± 0.36) and this large differentiation is further supported by the Neighbor-Net tree (Fig. 
2.3c). The clusters correspond to the xeric western (L1) and eastern mesic (L2) zones of the 
country. The BAPS analysis corroborated the two clusters detected by TCS and the Neighbor-Net 
tree, and also indicate some additional substructure within cluster L1 (P = 1.00; log likelihood of 
optimal partition = - 1179.80) (Fig. 2.3a and c). These two subclusters loosely correspond to the 
winter and aseasonal rainfall divide (Fig. 2.1a). 
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Figure 2.3 a) A map of geographical distribution of sampling localities in South Africa for L. 
agrippinae. Bayesian analysis of population structure (BAPS) subclusters are indicated by green, 
blue and red circles. b) Statistical parsimony mitochondrial COII haplotype network colour coded 
according to sampling locality. Circle size depicts frequency, branches depict single mutational 
steps, small black circles display intersections and cross hatching indicate missing 
haplotypes/mutational steps. Clades are bound by black (L1) and deep yellow (L2) line boxes. c) 
Neighbour-Net phylogenetic network for L. agrippinae labelled according to haplotype groupings 
from statistical parsimony results and are bound by black (L1) and deep yellow (L2) line boxes. 
Bayesian analysis of population structure (BAPS) subclusters are indicated by green, blue and red 
lines. 
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The spatial genetic patterns were less pronounced when the nuclear EF1-α data is compared to the 
mitochondrial DNA network (Figs. 2.3 and 2.4). There is some evidence for regional clustering as 
indicated by the grouping of similarly shaded colors in the parsimony network and Neighbor-Net 
tree (Fig. 2.4) but more importantly, however, the most common DNA allele is shared between 
the far eastern and far western side of the sampling distribution. Mantel tests for mitochondrial 
COII data indicated that there was weak isolation by distance when calculated for all localities (r 
= 0.11; P = 0.00) and when calculated for each cluster L1 (r = 0.11; P = 0.01) and L2 (r = 0.16; P 
= 0.01) separately. The time of divergence between the two main clusters within L. agrippinae 
date back to the late Miocene which was estimated to be 5.27 Ma (95 % HPD interval: 2.31, 9.58 
Ma). 
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Figure 2.4 a) A map of geographical distribution of sampling localities in South Africa for L. 
agrippinae. b) Statistical parsimony nuclear EF1-α haplotype network colour coded according to 
sampling locality. Circle size depicts frequency, branches depict single mutational steps, small 
black circles display intersections and cross hatching indicate missing haplotypes/mutational steps. 
c) Neighbour-Net phylogenetic network for L. agrippinae. 
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Genetic landscape interpolation surface plots for the COII data indicated that there were marked 
differences between some sampling localities when the distribution of genetic diversity found at 
each is compared across the landscape (Fig. 2.5a). The graphical representation suggests that the 
area of greatest genetic diversity was found in the contact zone close to the ‘Bedford gap’ (Fig. 
2.5a). 
 
 
Figure 2.5 Genetic landscape interpolation plot for total distribution of a) L. agrippinae, and b) 
C. rossi. 
 
Fixation index values of mitochondrial COII for L. agrippinae were significant at all levels and 
the highest level of differentiation was recovered among subclusters (60.00 % of variation) (Table 
2.3). Fixation index values of nuclear EF1-α for L. agrippinae were significant at all levels but in 
this instance the highest level of variation was recovered within localities (63.26 % of variation) 
(Table 2.3). Pairwise Φst values among sampling localities showed that the majority of sampling 
sites are significantly differentiated from each other for both the nuclear and mtDNA data (Table 
2.4). 
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Table 2.3 Hierarchical analysis of molecular variance (AMOVA) of mitochondrial DNA (COII) 
and nuclear intron (EF1-α) in two flea species for BAPS subclusters. Fixation index values are 
given for the hierarchical levels examined: FST, within localities; FCT, among subclusters; and FSC, 
among localities within subclusters. Significant (p < 0.05) tests are indicated in bold. 
  Number of groups 
Fixation indices   Percentage variation 
FCT FSC FST  
Among 
subclusters 
Among localities 
within subclusters 
Within 
localities 
L. agrippinae         
COII 3 0.600 0.439 0.775  60.00 17.54 22.45 
EF1-α 3 0.239 0.169 0.367  23.91 12.83 63.26 
         
C. rossi         
COII 6 0.513 0.382 0.699  51.29 18.63 30.08 
EF1-α 6 0.145 0.429 0.512   14.51 36.70 48.79 
 
Table 2.4 Pairwise Φst values among L. agrippinae sampled localities for mitochondrial DNA 
(COII) below and nuclear intron (EF1-α) above the diagonal. Significant values (p < 0.05) are 
highlighted in bold. (Locality codes as in Table 2.1). 
Localities GP GS LF VR MP CS SL AB BR TS BW FB DE 
GP  0.18 0.26 0.35 0.26 0.41 0.46 0.62 - 0.55 0.31 0.43 0.38 
GS 0.18  0.27 0.04 0.00 0.04 0.37 0.42 - 0.43 0.26 0.05 -0.02 
LF 0.17 0.09  0.35 0.31 0.44 0.23 0.41 - 0.21 0.12 0.41 0.37 
VR 0.12 0.23 0.13  0.03 0.16 0.40 0.63 - 0.54 0.26 0.24 0.15 
MP 0.63 0.88 0.72 0.50  0.04 0.37 0.40 - 0.42 0.28 0.04 -0.03 
CS 0.59 0.77 0.67 0.49 0.07  0.52 0.78 - 0.69 0.36 0.25 0.15 
SL 0.65 0.75 0.70 0.60 0.71 0.71  0.30 - -0.06 0.03 0.46 0.42 
AB 0.71 0.88 0.77 0.64 0.75 0.76 0.27  - 0.55 0.17 0.84 0.81 
BR 0.85 1.00 0.89 0.86 0.93 0.88 0.71 0.77  - - - - 
TS 0.77 0.92 0.82 0.77 0.85 0.82 0.51 0.66 0.90  -0.06 0.68 0.64 
BW 0.52 0.60 0.56 0.42 0.57 0.59 0.13 0.30 0.59 0.39  0.30 0.26 
FB 0.59 0.61 0.62 0.46 0.52 0.60 0.59 0.50 0.66 0.64 0.51  -0.26 
DE 0.91 0.97 0.93 0.91 0.93 0.92 0.90 0.92 0.97 0.95 0.85 0.25   
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3.3.2 Chiastopsylla rossi 
TCS analysis based on mitochondrial COII data showed a remarkably different genetic pattern for 
C. rossi when compared to L. agrippinae. The majority of the localities sampled are characterized 
by unique divergent haplotypes (Fig. 2.6a and b), and although two distinct genetic clusters 
separated by an average sequence divergence of 3.01 % (± 0.32) were also obtained for this species 
(C1 and C2; Fig. 2.6b), these were not congruent with vicariant host patterns (Fig. 2.6). Instead, 
limited haplotype sharing was evident among distant sampling sites and the majority of 
populations were characterized by unique/closely related locality specific haplotypes (Fig. 2.6a 
and b). The lack of clear geographic structure is further supported by the Neighbor-Net tree (Fig. 
2.6c) and moreover by the BAPS analyses suggesting at least six distinct subclusters present within 
C. rossi (P = 0.99; log likelihood of optimal partition = -1862.85). 
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Figure 2.6 a) A map of geographical distribution of sampling localities in South Africa for C. 
rossi. Bayesian analysis of population structure (BAPS) revealed six subclusters indicated by 
different colours. b) Statistical parsimony mitochondrial COII haplotype network colour coded 
according to sampling locality. Circle size depicts frequency, branches depict single mutational 
steps, small black circles display intersections and cross hatching indicate missing 
haplotypes/mutational steps. Clusters are bound by black (C1) and deep yellow (C2) line boxes. 
c) Neighbour-Net phylogenetic network for C. rossi labelled according to haplotype groupings 
from statistical parsimony results and are bound by black (C1) and deep yellow (C2) line boxes. 
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The spatial genetic pattern of the nuclear EF1-α network and the Neighbor-Net tree suggest more 
lineage sharing across the landscape when compared to the mitochondrial DNA COII data (Figs. 
2.6 and 2.7). Similar to L. agrippinae, the nuclear data indicated some level of population 
differentiation (closely related haplotypes confined to single localities). The nuclear TCS analyses 
suggest a distinct clade comprising individuals from KP, MN and AF and this assemblage is 
supported as one of the six mtDNA BAPS subclusters. This subcluster is mainly found in the north 
eastern part of SA, and although it may have some biological meaning, the Neighbor-Net analysis 
(Fig. 2.7c) show that comparatively the level of differentiation is low. The majority of the 
subclusters identified by the mtDNA and nDNA data do not corresponded to any of the known 
biogeographic breaks previously documented for the majority of the host species and in fact are 
scattered across the landscape (Fig. 2.6a). Mantel tests indicated that there is virtually no isolation 
by distance within C. rossi when calculated for all localities (r = 0.06; P = 0.00). 
 
The scattered distribution coupled to high inter-populational genetic variation in C. rossi is 
supported when the genetic landscape surface plot is considered. In contrast to L. agrippinae, C. 
rossi show several genetic discontinuities (peaks) throughout the total sampling distribution (Fig. 
2.5b). Fixation index values of the mitochondrial COII for C. rossi were significant at all levels 
and the highest level of differentiation was recovered among subclusters (51.29 % of variation; 
Table 2.3). The highest level of differentiation for the EF1-α was recovered within localities (48.79 
% of variation; Table 2.3). Pairwise Φst values for the mitochondrial and nuclear data also showed 
significant differentiation among the majority of sampling localities and the highest level of 
differentiation was again generally detected between KP, MN and AF and the remainder of the 
populations (Table 2.5). 
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Figure 2.7 a) A map of geographical distribution of sampling localities in South Africa for C. 
rossi. b) Statistical parsimony nuclear EF1-α haplotype network colour coded according to 
sampling locality. Circle size depicts frequency, branches depict single mutational steps, small 
black circles display intersections and cross hatching indicate missing haplotypes/mutational steps. 
c) Neighbour-Net phylogenetic network for C. rossi. 
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Table 2.5 Pairwise Φst values among C. rossi sampled localities for mitochondrial DNA (COII) below and nuclear intron (EF1-α) above 
the diagonal. Significant values (p < 0.05) are highlighted in bold. (Locality codes as in Table 2.1). 
Localities GP GS LF VR MP CS SL AB BR BW HB AL FB TC DE AF DF MN KP 
GP  0.47 0.43 0.56 0.62 0.64 0.34 0.47 0.59 0.50 0.39 0.45 0.50 0.59 0.52 0.82 0.43 0.73 0.44 
GS 0.31  0.08 0.42 0.60 0.65 0.04 0.43 0.65 0.60 0.06 0.22 0.49 0.73 0.52 0.84 0.04 0.81 0.43 
LF 0.50 0.88  0.20 0.57 0.58 0.05 0.37 0.56 0.49 0.10 0.21 0.51 0.56 0.53 0.70 0.03 0.67 0.46 
VR 0.50 0.89 0.46  0.64 0.71 0.15 0.40 0.71 0.65 0.27 0.44 0.56 0.74 0.60 0.82 0.26 0.80 0.53 
MP 0.33 0.68 0.66 0.63  0.06 0.45 0.62 -0.04 0.64 0.49 0.61 0.02 0.73 0.03 0.76 0.55 0.72 0.23 
CS 0.25 0.78 0.75 0.74 0.06  0.45 0.61 0.00 0.65 0.48 0.62 0.03 0.77 -0.02 0.84 0.58 0.80 0.19 
SL 0.33 0.83 0.63 0.55 0.41 0.56  0.34 0.41 0.45 0.05 0.22 0.38 0.52 0.40 0.64 0.00 0.59 0.34 
AB 0.24 0.52 0.55 0.51 0.17 0.18 0.32  0.60 0.51 0.36 0.41 0.57 0.57 0.58 0.72 0.34 0.69 0.51 
BR 0.36 0.98 0.87 0.88 0.39 0.55 0.77 0.12  0.64 0.45 0.59 -0.04 0.79 -0.05 0.88 0.55 0.83 0.15 
BW 0.54 0.93 0.92 0.92 0.78 0.87 0.89 0.64 0.99  0.46 0.52 0.55 0.02 0.56 0.83 0.51 0.79 0.51 
HB 0.39 0.54 0.67 0.63 0.27 0.32 0.47 0.19 0.46 0.62  0.24 0.41 0.55 0.43 0.69 -0.01 0.63 0.35 
AL 0.19 0.74 0.77 0.76 0.38 0.46 0.58 0.20 0.62 0.86 0.35  0.54 0.59 0.56 0.73 0.18 0.69 0.49 
FB 0.57 0.99 0.94 0.94 0.80 0.89 0.92 0.61 0.99 0.99 0.76 0.49  0.63 0.00 0.68 0.46 0.62 0.17 
TC 0.43 0.92 0.86 0.86 0.36 0.54 0.75 0.20 0.80 0.94 0.20 0.55 0.95  0.64 0.92 0.62 0.90 0.60 
DE 0.25 0.66 0.70 0.67 0.18 0.26 0.46 0.04 0.35 0.78 0.15 0.10 0.71 0.11  0.71 0.49 0.64 0.16 
AF 0.45 0.99 0.90 0.91 0.73 0.85 0.86 0.51 0.99 0.99 0.70 0.66 0.99 0.94 0.66  0.76 0.02 0.48 
DF 0.23 0.98 0.88 0.88 0.24 0.44 0.77 0.06 0.95 0.99 0.22 0.50 0.99 0.31 0.06 1.00  0.71 0.40 
MN 0.47 0.99 0.93 0.93 0.78 0.87 0.90 0.58 0.98 0.99 0.76 0.72 0.98 0.94 0.71 0.99 0.99  0.37 
KP 0.29 0.99 0.89 0.89 0.64 0.77 0.81 0.43 0.98 0.99 0.61 0.42 0.97 0.91 0.51 1.00 1.00 0.98   
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4. Discussion 
Parasites are generally considered to have a high mutation rate, small effective population size and 
a limited dispersal ability. From this, it is predicted that pronounced spatial genetic structuring will 
be evident among sampling sites due to reduced gene flow and increased genetic drift (Criscione 
et al. 2005; Huyse et al. 2005; Nieberding & Morand 2006; Nieberding et al. 2010). Overall, the 
results presented for the two generalist parasite species in this study conform to these suggestions. 
Most of the geographically distinct populations sampled show significant differentiation among 
sampling sites at both the mtDNA and nDNA level (Table 2.4 and 2.5) a scenario attributed to 
reduced gene flow across the landscape (also see Blouin et al. 1995; Gómez-Díaz et al. 2007). 
 
Fleas are considered generalist parasites and are thus predicted to show very little phylogeographic 
congruence with host genetic structure (Blouin et al. 1995; Gómez-Díaz et al. 2007; Jones & 
Britten 2010). The present study provides the first evidence for the converse and, by making use 
of a comparative approach between two species, highlights the importance of the level of 
association between parasite and host in shaping genetic diversity across the landscape. The fur 
flea (L. agrippinae) which seems to have a narrower niche breath (i.e. narrower host range) 
(Segerman 1995; Froeschke et al. 2013; van der Mescht et al. 2013), and spends longer time 
periods on the host, comprised three distinct mtDNA phylogeographic clades which are markedly 
congruent to the previously published regional vicariant biogeographic regions based on the 
patterns obtained in Rhabdomys (du Toit et al. 2012), Micaelamys (Russo et al. 2010), Otomys 
(Engelbrecht et al. 2011) and Myosorex (Willows-Munro & Matthee 2011) (see Fig. A.1). Further 
support for the notion that the large scale dispersal of L. agrippinae is closely dependent on host 
movement can be obtained from the observation that the 95% confidence interval of the time of 
divergence between the two major clades found in L. agrippinae (5.27 Ma; 95 % HPD interval: 
2.31, 9.58 Ma) corresponds reasonably well with the timing of the divergence of the majority of 
rodent host lineages in the region (Montgelard & Matthee 2012). In contrast, the more host 
opportunistic nest flea (C. rossi) shows, in agreement with other phylogeographic studies on fleas 
(Gómez-Díaz et al. 2007; Jones & Britten 2010), virtually no congruence in phylogeographic 
patterns between host and parasite. The distinct clustering of C. rossi fleas sampled in the north 
east of the country (KP, MN, AF: Fig. 2.6a and 2.7) is not clearly depicted by longer branches in 
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the Neighbor-Net analyses (Fig. 2.7c) and also not congruent with well documented biogeographic 
provinces. We argue that although this finding is interesting, it may simply be an artefact of the 
sampling distances between the various sampling sites. 
 
The documented contact zone between R. pumilio and R. dilectus at Fort Beaufort (du Toit et al. 
2012; Fig. 2.1; Fig. A.1) provides an interesting scenario to further explore host specificity among 
the two flea species (no contact zones have been described for the other hosts species sampled in 
this study). In the zone of contact, the two Rhabdomys species harbored distinct L. agrippinae 
mtDNA lineages represented by L1 (found exclusively on R. pumilio) and L2 (found exclusively 
on R. dilectus; Fig. 2.3b). In sharp contrast, the host opportunistic C. rossi show a high level of 
haplotype sharing among closely related localities in the same region (Figs. 2.6 and 2.7). 
Rhabdomys species is considered the principle hosts of L. agrippinae and M. unisulcatus is 
considered to be an auxiliary host, whereas C. rossi seems to have a larger host range (Segerman 
1995; Froeschke et al. 2013; van der Mescht et al. 2013). Albeit based on a very small sample size, 
the tighter host association displayed by L. agrippinae might explain why we found distinct 
mtDNA lineages for L. agrippinae on Rhabdomys spp., but no differentiation in C. rossi in the 
contact zone. 
 
When the intraspecific phylogeographic structures of L. agrippinae and C. rossi are compared to 
each other additional discrepancies are evident. First, our data provide supplementary support for 
the hypothesis that more generalist parasites will show higher levels of genetic diversity when 
compared to more specific parasites (Martinů et al. 2014; Table 2.2). The connectivity among 
sampling sites is also markedly different between the two flea species. The more host specific fur 
flea L. agrippinae, displays lower inter-populational divergence within clades (Fig. 2.3) when 
compared to the more host opportunistic nest flea, C. rossi (Fig. 2.6). The same trend is evident 
when the nDNA data are considered (Figs. 2.4 and 2.7). The higher level of inter-populational 
divergences of C. rossi are best reflected by the large number of site changes among locality 
specific haplotypes (Fig. 2.6) and the numerous peaks on the landscape interpolation plots (Fig. 
2.5b). These findings could be interpreted to be the direct result of differences in the dispersal 
abilities of the two fleas and can best be ascribed to differences in host association. Both parasites 
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show isolation by distance but in both cases the correlation is extremely weak (as indicated by the 
r values). In the case of the host specific fur flea, L. agrippinae, host movement provides 
hitchhiking possibilities within clades resulting in a higher level of connectivity among sampling 
sites. In the host opportunistic nest flea, C. rossi, the parasite has less opportunity to spread via 
host movement, resulting in a pattern of distantly related haplotypes at most sites. At specific 
geographic sites, it is possible that populations experience high levels of genetic drift that is 
homogenizing the locality specific signals (Criscione et al. 2005; Huyse et al. 2005; Nieberding & 
Morand 2006; Nieberding et al. 2010). Long distance dispersals of the host opportunistic nest flea 
studied herein is a rare event and occurs in a random manner utilizing a wide niche breath (in the 
absence of strong isolation by distance), culminating in a pattern where some shared haplotypes 
are found on opposite ends of the geographic scale (for example see haplotype sharing between 
the group of localities with different shades of blue (FB, AL, TC, HB, DE) and geographically 
distant localities (BR and also DF; Fig. 2.6)). 
 
From our study it was also evident that L. agrippinae occurred at a lower overall prevalence than 
C. rossi and that this pattern was apparent at most localities where the distribution of the two 
species overlaps. The same trend in prevalence and abundance for L. agrippinae and C. rossi was 
recorded in previous studies in SA (van der Mescht et al. 2013; Froeschke et al. 2013; Matthee et 
al. 2007). The two flea species differ in terms of body length with L. agrippinae being larger (on 
average 3650 µm) compared to C. rossi (on average 1750 µm) (Matthee et al. 2010b; also 
supported by body size index in van der Mescht et al. (2013)). Studies on free-living taxa and more 
recently on ectoparasitic mites of small mammals recorded a negative relationship between body 
size and abundance (Gaston & Blackburn 1995; Blackburn & Gaston 1999; Krasnov et al. 2013b). 
In the latter study it was suggested that the pattern may be due to higher host-induced mortality 
(grooming) associated with larger bodied ectoparasites (Krasnov et al. 2013b). Listropsylla 
agrippinae is almost twice the size of C. rossi and it is possible that host grooming (allo- and 
autogrooming) resulted in lower L. agrippinae prevalence. Interestingly, in the present study the 
difference in body size between the two flea species seems to support their level of host specificity. 
Studies on microbes and diatoms and more recently on ectoparasitic mites recorded a negative 
relationship between body size and niche breadth (Passy & Larson 2011; Passy 2012; Krasnov et 
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al. 2013b). It appears that smaller bodied species are more adaptable to environmental fluctuations 
which results in a larger niche breath or in the case of parasites a larger host range. This is in 
contrast to larger species that have a smaller niche breath/host range due to narrower tolerance 
levels (Passy & Larson 2011; Passy 2012; Krasnov et al. 2013b). 
 
If prevalence is positively correlated to abundance in fleas (Krasnov et al. 2004, 2005c), then it 
could be argued that the higher abundance (and niche breath) of the more host opportunistic nest 
flea, C. rossi, on the hosts will facilitate dispersal among sampling sites. This pattern is however 
contrary to what we found in the present study where C. rossi is more structured between sampling 
sites when compared to L. agrippinae. One possible explanation for this may relate to differences 
in the effective population sizes between the two flea species. A higher genetic diversity, as found 
in C. rossi, is expected for populations with larger effective population sizes (Blouin et al. 1995; 
Huyse et al. 2005) and it is furthermore reasonable to predict that nest fleas will predominantly 
have higher abundances in the nests of their hosts (Krasnov 2008; Jones & Britten 2010). Given 
the nest bound nature of C. rossi, the number of dispersing individuals on the hosts may thus not 
be large enough to overcome the effects of drift when introduced into the nests of the hosts 
elsewhere (containing a large population of local genotypes in the new environment). In contrast, 
for L. agrippinae, the comparatively lower effective population sizes can facilitate the signature 
of more haplotype sharing among localities within clades. 
 
In the light of re-emerging flea borne diseases worldwide, it is important to have a thorough 
understanding of the mechanisms that are involved in shaping flea distribution and movement 
(Bitam et al. 2010). From our study it is evident that host association (microhabitat preference and 
host specificity) plays an important role in flea dispersal and subsequent gene flow within and 
between geographic locations. This study also provides the first evidence of congruent 
phylogeographic vicariant patterns between a generalist parasitic flea and its hosts. Unfortunately 
our conclusions are based on a single study comprising two distinct life histories. More parasite 
taxa and gene fragments need to be evaluated in order to formulate stronger hypotheses in this 
regard. 
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Chapter 3 
A genetic perspective on the taxonomy and evolution of the medically important 
flea, Dinopsyllus ellobius (Siphonaptera: Dinopsyllinae), and the resurrection of 
Dinopsyllus abaris 
*Biological Journal of the Linnaean Society 116: 541-557 
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1. Introduction 
The fauna on the southern African terrestrial landscape is characterised by a rich and complex 
evolutionary history where speciation is often linked to habitat vicariance and climate driven 
diversification among free living lineages (Matthee & Flemming 2002; Smit et al. 2007; Tolley et 
al. 2009; Russo et al. 2010; du Toit et al. 2012). Speciation processes for parasitic taxa are 
characterized by an added complexity surrounding host association and host life history (Krasnov 
& Poulin 2010; du Toit et al. 2013b; Engelbrecht et al. 2014). Since parasites are also generally 
characterized by a low intrinsic dispersal potential, small effective population sizes, short 
generation times (Huyse et al. 2005; Whiteman & Parker 2005) and faster evolutionary rates 
(Paterson & Banks 2001; Nieberding et al. 2004), they often show higher levels of intraspecific 
divergence when compared to their hosts (Hafner et al. 1994; Moran et al. 1995; Page et al. 1998; 
Paterson et al. 2000; Whiteman et al. 2007; du Toit et al. 2013b). Understanding the evolutionary 
mechanisms responsible for the geographic diversification in parasites is thus not trivial. 
 
Apart from deciphering the reasons for the divergence among parasitic evolutionary lineages, it is 
also predicted that parasites harbour a large proportion of cryptic diversity (Nadler & Pérez-Ponce 
de León 2011; Poulin 2011; Perkins et al. 2011; du Toit et al. 2013b; Engelbrecht et al. 2014). 
These previously hidden taxonomic entities highlight the importance of further investigations to 
decipher true biodiversity (Poulin 2011). Along these lines, a high intraspecific phylogenetic 
diversity has been recorded for fleas (De la Cruz & Whiting 2003; Brinkerhoff et al. 2011; 
Lawrence et al. 2014; Lin et al. 2014) and vacillations in taxonomic treatments of the exclusively 
Afrotropical subgenus Dinopsyllus is no exception (e.g. D. lypusus and D. longifrons; D. ellobius 
and D. abaris) (Hopkins & Rothschild 1966; de Meillon et al. 1961; Segerman 1995). Much of the 
subgeneric controversies can be blamed on the absence of genetic data coupled to subtle 
differences in morphological characters (de Meillon et al. 1961). In southern Africa, the subgenus 
is represented by Dinopsyllus ellobius and is regarded as a host generalist ectoparasite of small 
mammals occurring primarily on gerbils (Gerbilliscus spp.), vlei rats (Otomys spp.), 
multimammate mice (Mastomys spp.) and striped mice (Rhabdomys spp.) (Segerman 1995), while 
secondary hosts include the karoo bush rat (Myotomys unisulcatus), red rock rat (Aethomys 
chrysophilus), namaqua rock rat (Micealamys namaquensis) and the white-tailed mouse 
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(Mystromys albicaudatus) (Segerman 1995). This life history pattern is in contrast to certain flea 
taxa that have narrower host ranges (Krasnov 2008) or other parasitic insects such as sucking lice 
(Anoplura) that are regarded as highly host specific (Marshall 1981). In general, the immature 
stages of fleas occur in the nest of the host while the adult stages occur along a gradient from being 
more associated with the host body (also referred to as “fur “fleas) to being more associated with 
the nest or burrow of the host (“nest” fleas) (Ioff 1941; Marshall 1981; Krasnov 2008). In this 
regard D. ellobius has been recorded on the host body and in the nest, though flea abundances 
seem to be higher in the nest when compared to the host body (de Meillon et al. 1961). 
 
The distribution of D. ellobius is confined to the southern African subregion and in South Africa 
(SA) it appears to be restricted to more mesic biomes such as those found along the coastal belt 
and in-land grassland habitats (Hopkins & Rothschild 1966). Following morphological 
descriptions, Jordan (1930) recognized two distinct sub-species (D. e. ellobius and D. e. abaris), 
based on the size and shape of sternite VIII in males. Subsequently, using the same distinguishing 
character, the two lineages were regarded as full species by Hopkins & Rothschild (1966). 
However, the two taxa overlap in geographic ranges and have reportedly similar host associations, 
and this single subtle morphological difference is thus also regarded by some as merely geographic 
variation within the same species, D. ellobius (de Meillon et al. 1961; Segerman 1995). Since D. 
ellobius has been implicated as potentially one of the most significant plague (Yersinia pestis) 
vectors in the region (Ingram 1927; de Meillon et al. 1961), the correct identification of this taxon 
is not only important in terms of biodiversity conservation (Bickford et al. 2007; Cook et al. 2008), 
but also could have bearing on the epidemiology of zoonotic diseases (Bidochka et al. 2001; 
Koufopanou et al. 2001; Venturi et al. 2004; Poulin 2011). 
 
The importance of adding genetic data in deciphering the taxonomy of fleas cannot be disputed 
and this approach has the added advantage to also provide novel insights into the evolutionary 
history of the species concerned (see for example Whiting 2002; Luchetti et al. 2005, 2007; 
Whiting et al. 2008; Lawrence et al. 2014). Although cryptic divergence as a result of host 
vicariance has recently been implicated as a contributing factor towards diversification among 
generalist flea lineages (Chapter 2 – van der Mescht et al. 2015a), the majority of evolutionary 
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studies to date show very limited or complex relationships between parasite and host genetic 
structures (Criscione et al. 2005; Gómez-Díaz et al. 2007; Barret et al. 2008; Hoberg & Brooks 
2008; Nieberding et al. 2008; Cangi et al. 2013; du Toit et al. 2013a; Fermino et al. 2013; Poretta 
et al. 2013b; Martinů et al. 2014). Given the wide host range, the previous description of two 
species (D. ellobius and D. abaris by Hopkins & Rothschild 1966) based on a single distinguishing 
morphological character, and the potential effect of host and habitat vicariance on the evolution of 
fleas in the region, we predict that D. ellobius (as described by de Meillon et al. 1961; Segerman 
1995) may contain cryptic diversity in the region. We sampled a large number of D. ellobius 
specimens from a wide range of hosts throughout much of the distribution of the species and 
utilized molecular and morphological data to provide a better understanding of the taxonomy of 
D. ellobius and also the mechanisms that potentially played a role in diversification of this lineage. 
 
2. Materials and Methods 
2.1 Taxon and gene sampling 
Sherman-type live traps baited with a peanut butter and oats mixture were used to sample small 
mammal hosts at 31 localities during austral spring and summer of 2011-2013 and attention was 
given to sample throughout most of the documented range of the flea species in SA (Fig. 3.1; Table 
B.3). All hosts captured were placed in a plastic bag and euthanized with intraperitoneal injection 
of 0.2-0.4 ml sodium pentobarbitone (200 mg/kg; ethical approval was granted by the Animal 
Ethics Committee of Stellenbosch University: SU-ACUM11-00004). Fleas were sampled using a 
standardized method that included brushing of the host pelage several times over a white plastic 
tray using separate toothbrushes for each host species at each locality. Individual fleas were placed 
in separate tubes filled with 96 % ethanol. Before DNA extraction, morphologically defined D. 
ellobius individuals were identified using a Leica stereoscopic microscope (Leica Microsystems, 
Wetzlar, Germany) and the taxonomic key of Segerman (1995). Following DNA extraction, the 
exoskeletons of all extracted fleas were mounted (for detail on method see van der Mescht et al. 
2013) and identified using a Leica DM 3000 light microscope (Leica Microsystems, Wetzlar, 
Germany) and the taxonomic keys by Segerman (1995) with additional reference to Hopkins & 
Rothschild (1966). The reference collection together with voucher specimens of the flea species 
will be housed in the Museum of the department of Conservation Ecology and Entomology at 
Stellenbosch University  https://scholar.sun.ac.za
43 
 
Stellenbosch University and duplicate sets will also be available at the National Flea Collection in 
Johannesburg (both in SA). 
 
 
Figure 3.1 Localities from which small mammal hosts were sampled with locality codes as in 
Table B.3. (Insert: D. ellobius distribution from Segerman 1995) 
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2.2 DNA extraction, amplification and sequencing 
Total genomic DNA was extracted with a Qaigen, DNeasy® Blood and Tissue kit (Qaigen, 
Valencia, CA, USA) following the protocol supplied. Whole flea specimens were placed in the 
extraction buffer containing Proteinase K (600 mAU/ml solution), and digested at 56°C overnight. 
After digestion, each flea exoskeleton was removed and stored in 70 % ethanol for identification 
purposes (see above). Polymerase Chain Reactions (PCR) were performed using KAPA Taq DNA 
polymerase (Kapa Biosystems, Wilmington, Massachusetts, USA) and published primers 
(Whiting 2002; Table B.4). Mitochondrial Cytochrome c oxidase subunit II (COII) and one intron 
of the nuclear Elongation factor 1 alpha (EF1-α) gene regions were amplified (GenBank accession 
numbers KR707331-707617) using a GeneAmp® PCR 2700 thermal cycler (Applied Biosystems, 
Foster City, CA, USA). Mitochondrial COII markers are frequently used to address taxonomic and 
phylogenetic questions in insects (Hillis & Dixon 1991; Caterino et al. 2000) and seem to be the 
preferred choice for fleas (Luchetti et al. 2005, 2007; Whiting et al. 2008; Lawrence et al. 2014; 
Lin et al. 2014). Sequences were analysed on an ABI 3730 XL DNA analyser (Applied 
Biosystems) after using BigDye termination chemistry (version 3.1, Applied Biosystems). 
 
2.3 Sequence processing and alignment 
Sequences for each gene fragment were edited and aligned using BioEdit Sequence Alignment 
editor 7.2.5 (Hall 2005). Mitochondrial and nuclear sequences were translated into amino acids 
using EMBOSStranseq (www.ebi.ac.uk/Tools/st/emboss_transeq) to confirm functionality. 
Heterozygous positions in the nuclear fragments were resolved in DNASP 5 (Librado & Rozas 
2009) using PHASE 2.1.1 (Stephens et al. 2001; Stephens & Scheet 2005). The algorithm was run 
for 1000 generations with a thinning interval of 1 and burn-in of 100 generations. Phases with a 
0.9 probability or higher were considered resolved and the analysis was performed three times to 
test for convergence (Stephens et al. 2001). 
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2.4 Phylogenetic analyses 
Evolutionary relationships among individuals were investigated by constructing statistical 
parsimony haplotype networks with 95 % confidence intervals in TCS v1.21 (Clement et al. 2000). 
To obtain a better evolutionary perspective on the associations between geographic clusters the 
Neighbour-Net method (Bryant & Moulton 2004) as implemented in SplitsTree v4.5 (Huson & 
Bryant 2006) was used. For the latter, the best-fit models for un-partitioned mitochondrial COII 
and nuclear EF1-α alignments were calculated in jModeltest v2.1.4 (Posada 2008; Darriba et al. 
2012) under the AICc (Akaike 1973; Posada & Buckley 2004). The resultant optimal models were 
used to obtain corrected sequence distances among gene fragments using PAUP* v4.0b10 
(Swofford 2000). Analysis of molecular variance (AMOVA; Excoffier et al. 1992) and pairwise 
Φst statistics between sampled populations were performed in ARLEQUIN v3.5.1.2 (Excoffier & 
Lischer 2010). Only sampling localities with more than 5 individuals were included. AMOVA was 
also used to test for differentiations among groups as defined by the mtDNA haplotype networks. 
 
2.5 Divergence time estimation 
Divergence dates between mtDNA evolutionary lineages were obtained by using a relaxed 
exponential Bayesian molecular clock, the mtDNA data only, HKY + I + G model as prior and the 
birth-death process (Kendall 1948) as the tree prior in BEAST v1.8.0 (Drummond & Rambaut 
2007; Drummond et al. 2012). Fossil calibrations were used employing exponential priors with 
hard minimum and soft maximum bounds. Fossil calibration points were obtained from Zhu et al. 
(2015) (1) Age of Pulex (Pulex larimerius that was found in Dominican amber; Lewis & Grimaldi, 
1997) set as a hard minimum of 15 Mya and soft maximum of 20 Mya (Iturralde-Vinent & 
MacPhee, 1996). (2) Age of Rhopalopsyllus as implemented by Zhu et al. (2015) and also set at a 
hard minimum of 15 Mya and soft maximum of 20 Mya and (3) Age of Plaeopsylla found in Baltic 
amber 35-40 Mya (Dunlop & Giribet 2003; Ritzkowski 1997; Weitschat & Wichard 2010). Two 
species per outgroup were used for each of the three calibration points in our analysis (Table B.5). 
Test runs were performed to ensure that priors had sufficient ESS values (>200) and they were 
continuously assessed in Tracer v1.5 (Rambaut & Drummond 2007). Final MCMC simulations 
ran for 50 million generations, sampling every 5 000 generations. Convergence and mixing were 
assessed in Tracer v1.5 (Rambaut & Drummond 2007) and burn-in discarded. A maximum lineage 
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credibility tree was produced in TreeAnnotator v1.8.0 (Drummond & Rambaut 2007; Drummond 
et al. 2012) following the 50 % majority rule. 
 
2.6 Morphological analysis 
2.6.1 Size 
Male and female ﬂeas are known to diﬀer in size (Krasnov et al. 2003a) and were thus analysed 
separately. To avoid missing data, only male (N=52) and female (N=78) individuals that had no 
damage to any part of the body were measured. The head, coxa, femur, and tibia length of the left 
hind leg (Fig. A.2) were measured using a camera mounted on a Leica DM 3000 light microscope 
(Leica Microsystems, Wetzlar, Germany) and Leica software v3.1.0 (Leica Microsystems, 
Wetzlar, Germany) (see Tripet et al. 2002; Krasnov et al. 2003a; van der Mescht et al. 2013). Raw 
size measurements were log transformed and an analysis of variance (ANOVA) performed with 
the aov function of the stats package in R v3.1.1 (R Foundation for Statistical Computing, Vienna, 
AT, AU) to investigate differences between characters measured. Co-variation between the 
characters was investigated by an analysis of co-variance (ANCOVA). A principal component 
analysis (PCA) was performed by the prcomp function of the stats package. Results were 
visualized using the ggbiplot package in R v3.1.1 (R Foundation for Statistical Computing, Vienna, 
AT, AU). The continuous variables were centred and scaled to standardize the variables prior to 
the application of PCA. Boxplots were constructed for each sex by using the plot function in R 
v3.1.1 (R Foundation for Statistical Computing, Vienna, AT, AU). 
 
2.6.2 Characters 
The key to Siphonaptera of southern Africa was first used to assess morphological characters of 
the subfamily Dinopsyllinae and subsequently to classify specimens up to species level (Segerman, 
1995) (Table B.6). Then, we assessed the consistency of the morphological character (variation in 
male sternite VIII) used to distinguish between D. ellobius and D. abaris as in Hopkins & 
Rothschild (1966) (Table B.6). A total of 96 female (28 D1 and 68 D2) and 55 male (14 D1 and 
41 D2) individuals were assessed for the latter. 
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3. Results 
3.1 Characteristics of taxon and gene sampling 
A total of 830 small mammal individuals comprising 23 different host species were trapped (Table 
B.7). Dinopsyllus ellobius was found on 11 of the 23 host species trapped and these originated 
from 25 of the 31 localities. The species were mainly absent from the dryer western interior region 
of SA (specifically localities DF, TS, BW, SL, LF, GS, GP, codes as listed in Table 3.1), 
confirming earlier suggestions on the extent of the distribution (Fig. 3.1; Hopkins & Rothschild 
1966). Mitochondrial COII (567 bp) sequence data were generated for 151 D. ellobius specimens 
from 19 of the localities (Table 3.1). To test for congruence between gene trees the mtDNA data 
set was augmented with data generated for the nuclear EF1-α gene. Due to difficulties in 
amplification success we only managed to obtain a geographic representative subsample of 68 
sequences derived from 13 of the 19 sampled localities (Table 3.1). The analyses of the nuclear 
EF1-α resulted in higher nucleotide and haplotype diversity compared to the mitochondrial COII 
data (Table 3.2). 
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Table 3.1 Geo-referenced localities with codes and number of fleas sequenced for each gene from 
which D. ellobius were collected. 
Province Locality Code 
Geographic 
coordinates 
D. ellobius (n) 
COII EF1-α 
Western Cape Anysberg AB -33.97 S 18.97 E 6 3 
 Blaauwberg BB -33.80 S 18.46 E 8 5 
 Hottentotsholland HT -32.33 S 19.22 E 8 6 
 Vanrhynsdorp VR -31.73 S 18.77 E 7 3 
      
Eastern Cape Alice AL -32.79 S 26.85 E 12 5 
 Dohne DE -32.53 S 27.46 E 14 5 
 East London EL -33.01 S 27.70 E 6 0 
 Fort Beaufort FB -32.78 S 26.63 E 8 3 
 The Croft TC -32.55 S 27.37 E 13 0 
      
Gauteng Kaalplaas KP -25.63 S 28.17 E 3 3 
 Rietvlei RV -25.70 S 26.27 E 2 0 
      
North West Mooinooi MN -25.47 S 27.33 E 5 5 
 Woodside WS -26.09 S 25.36 E 8 5 
      
KwaZulu-Natal Chelmsford CF -27.96 S 29.93 E 5 0 
 Inkunzi Lodge IN -28.56 S 31.24 E 16 10 
 Mt Gilboa MG -29.94 S 30.29 E 15 11 
 Mt Shannon MS -29.65 S 29.94 E 5 4 
 Vernon Crookes VC -30.27 S 30.59 E 6 0 
 Vryheid VH -27.75 S 30.80 E 4 0 
5 provinces 19 localities   151 68 
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Table 3.2 Summary statistics for the mitochondrial COII and nuclear EF1-α markers sequenced 
from two lineages in South Africa, including the number of sequences/alleles, total number of 
singleton haplotypes, fragment length (bp), number of polymorphic sites (P), nucleotide diversity 
(π) and haplotype diversity (h). 
  
Sequences/ 
Alleles 
Total 
haplotypes 
Singleton 
haplotypes 
bp P π ± SD h ± SD 
COII        
D1 (D. abaris) 109 37 23 567 41 0.011 ± 0.002 0.913 ± 0.016 
D2 (D. ellobius) 42 20 12 567 35 0.018 ± 0.002 0.941 ± 0.017 
        
EF-1α        
D1 (D. abaris) 46/92 78 69 522 104 0.018 ± 0.004 0.995 ± 0.003 
D2 (D. ellobius) 22/44 40 37 522 73 0.020 ± 0.004 0.995 ± 0.007 
 
3.2 Phylogenetic reconstructions 
The parsimony network analysis based on mitochondrial data resulted in the detection of two 
distinct genetic clades (hereafter referred to as D1 (D. abaris) & D2 (D. ellobius); Fig. 3.2) that 
could not be connected with 95 % confidence. The two clades are similarly supported by distant 
clustering on the Neighbour-Net analyses that incorporated HKY+I+G (COII) and GTR+I+G 
(EF1-α) corrections (Fig. 3.2). An average mtDNA sequence divergence of 5.53 % (± 1.78; Table 
3.3) was detected between the assemblages. Nucleotide and haplotype diversity values were lower 
for D1 (D. abaris) compared to D2 (D. ellobius) (Table 3.2). Fixation index values of 
mitochondrial data were significant at all levels and the highest level of differentiation was 
recovered among D1 (D. abaris) and D2 (D. ellobius) lineages (71.95 %; Table 3.4). These two 
main mitochondrial lineages diverged during the late Miocene 6.42 Mya (95 % HPD interval: 1.88, 
12.82 Mya) (Fig. A.3). 
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Figure 3.2 a) Geographical distribution of sampling localities in South Africa for D. ellobius 
plotted on a map of mean rainfall. Colour spectrum of the map vary from low values in red to high 
values in blue. (Insert: Map indicating where two lineages were found) b) Neighbour-Net 
phylogenetic network of mitochondrial COII for D. ellobius bound by red (D1 (D. abaris)) and 
deep yellow (D2 (D. ellobius)) line boxes. c) Statistical parsimony mitochondrial COII haplotype 
network colour coded according to sampling locality to represent relative frequencies. Circle size 
depicts frequency; branches depict single mutational steps, small black circles display intersections 
and cross hatching indicate missing haplotypes. The two lineages are bound by red (D1 (D. 
abaris)) and deep yellow (D2 (D. ellobius)) line boxes. 
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Table 3.3 Pairwise genetic divergence values for mitochondrial COII and nuclear EF1-α within 
and between D1 (D. abaris) and D2 (D. ellobius) mitochondrial lineages. 
 Sequence divergence COII (% ± SD) EF1-α (% ± SD) 
Between D1 (D. abaris) and D2 (D. ellobius) 5.53 ± 1.78 1.98 ± 0.82 
Within D1 (D. abaris) 1.82 ± 1.69 1.80 ± 0.78 
Within D2 (D. ellobius) 1.12 ± 1.74 2.04 ± 0.85 
 
Table 3.4 Hierarchical analysis of molecular variance (AMOVA) of mitochondrial COII and 
nuclear EF1-α of two mitochondrial lineages. Fixation index values are given for the hierarchical 
levels examined: FST, within populations; FCT, among lineages; and FSC, among localities within 
lineages. Significant (p < 0.05) tests are indicated in bold. 
  
Number of 
groups 
Fixation indices   Percentage variation 
FCT FSC FST  
Among 
lineages 
Among 
localities 
within 
lineages 
Within 
localities 
Dinopsyllus          
COII 2 0.720 0.807 0.946  71.95 22.63 5.42 
EF1-α 2 0.027 0.337 0.319   2.70 30.99 66.31 
 
Apart from a single haplotype that is shared between two geographically close localities of lineage 
D1 (D. abaris) (AB & HT; Fig. 3.2c), all remaining sampled localities in this clade are 
characterized by unique distantly related haplotypes. Most localities are separated by a large 
number of nucleotide changes among haplotypes contributing to an average mitochondrial 
sequence diversity of 1.82 % (±1.69; Fig. 3.2c; Table 3.3) for this clade. In contrast, clade D2 (D. 
ellobius) is characterized by a fairly large amount of haplotype sharing between localities and an 
average mitochondrial sequence diversity of 1.12 % (±1.74; Fig. 3.2c; Table 3.3). Only one 
geographically distant locality where D2 (D. ellobius) was sampled (BB, Fig. 3.2c) consisted of a 
unique haplotype. Pairwise Φst values among sampling localities showed that the majority of 
sampling localities are significantly differentiated for both lineages (Table 3.5). 
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Table 3.5 Pairwise Φst values among sampled localities for mitochondrial COII below and nuclear 
EF1-α above the diagonal. Significant values (p < 0.05) are highlighted in bold. (Locality codes as 
in Table 3.1). 
  
D2 (D. ellobius) D1 (D. abaris) 
DE BB CF EL MG MS IN MN VC AL TC VR AB FB WS HT 
D2 (D. 
ellobius) 
DE   0.10     0.01 0.02 0.00 0.01   0.00   0.00 0.00 0.00 0.05 0.00 
BB 0.83    0.10 0.12 0.10 0.11  0.12  0.11 0.11 0.11 0.16 0.10 
CF 0.53 0.64                
EL 0.51 0.65 0.15               
MG 0.41 0.47 0.10 0.14   0.01 0.02  0.03  0.01 0.01 0.01 0.06 0.01 
MS 0.49 0.60 0.05 0.10 
-
0.01  0.02 0.03  0.04  0.02 0.02 0.02 0.07 0.02 
IN 0.44 0.49 0.14 0.18 0.06 0.05  0.01  0.02  0.00 0.00 0.00 0.05 0.00 
MN 0.70 0.85 0.35 0.39 0.06 0.17 0.17   0.03  0.01 0.01 0.01 0.06 0.01 
VC 0.64 0.77 0.29 0.33 0.25 0.25 0.28 0.53          
AL 0.55 0.67 0.28 0.01 0.24 0.23 0.27 0.48 0.43   0.02 0.02 0.01 0.07 0.02 
TC 0.07 1.00 0.73 0.73 0.53 0.69 0.55 0.89 0.83 0.73        
D1 (D. 
abaris) 
VR 0.64 0.75 0.31 0.34 0.26 0.26 0.29 0.53 0.47 0.43 0.81  0.00 0.00 0.06 0.00 
AB 0.62 0.74 0.26 0.30 0.22 0.21 0.26 0.49 0.43 0.40 0.81 0.44  0.00 0.06 0.00 
FB 0.73 0.87 0.45 0.47 0.35 0.40 0.38 0.67 0.60 0.54 0.90 0.60 0.57  0.06 0.00 
WS 0.46 0.54 0.08 0.13 0.09 0.04 0.12 0.30 0.25 0.24 0.62 0.27 0.22 0.38  0.05 
HT 0.52 0.61 0.16 0.21 0.15 0.12 0.19 0.38 0.33 0.31 0.68 0.34 0.14 0.45 0.14   
 
The spatial genetic structure of the nuclear data was less pronounced when compared to the results 
from the mitochondrial data (Fig. 3.3). When the mtDNA clades are used to assign clade structure 
to the nuclear data, the sequence divergence among clades and the sequence diversity within clades 
are overlapping in value, supporting the lack of congruence between the two data sets (Table 3.3). 
Fixation index values of nuclear data for D. ellobius were significant at two levels, but as expected 
given the lack of geographic resolution, the highest level of variation was recovered within 
localities (66.31 % of variation) (Table 3.4). 
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Figure 3.3 a) Geographical distribution of sampling localities in South Africa for D. ellobius 
plotted on a map of mean rainfall. Colour spectrum of the map vary from low values in red to high 
values in blue. (Insert: Map indicating where two lineages were found) b) Neighbour-Net 
phylogenetic network of subset nuclear EF1-α for D. ellobius with nodes coloured according to 
lineage. c) Statistical parsimony subset nuclear EF1-α haplotype network colour coded according 
to sampling locality to represent relative frequencies. Circle size depicts frequency; branches 
depict single mutational steps, small black circles display intersections and cross hatching indicate 
missing haplotypes. 
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3.3 Parasite and host demographics of lineages 
Forty three individuals sampled belong to D1 (D. abaris) and 108 individuals to D2 (D. ellobius) 
(Table B.7). Most of the localities sampled showed segregation between the two lineages since D1 
(D. abaris) was exclusively found at five localities and D2 (D. ellobius) at 12 localities. Individuals 
from both lineages were only found together on the same hosts at FB and AL (Table B.7) which 
represent a vicariant parapatric contact zone between at least three documented host species 
studied to date (Russo et al. 2010; Engelbrecht et al. 2011; du Toit et al. 2012; see Fig. A.1). Based 
on our sampling it seems that representatives from the two genetic lineages also differ in host 
occurrence. D1 (D. abaris) was isolated from seven host species with dominant representation on 
M. namaquensis (N = 14) and G. brantsii (N = 8) while D2 (D. ellobius) individuals were sampled 
from nine host species and was mainly collected from R. dilectus (N = 39) and M. natalensis (N = 
28) (Fig. 3.4; Table B.7). Interestingly, in the zone of contact between some of the host species, 
D1 (D. abaris) was collected from R. pumilio and R. dilectus, whereas D2 (D. ellobius) was 
exclusively collected from the more mesic adapted R. dilectus (du Toit et al. 2012) (Fig. 3.4; Table 
B.7). 
 
 
Figure 3.4 Small mammal host species and proportion of host species from which D. ellobius 
lineages, a) D1 (D. abaris) and b) D2 (D. ellobius) were sequenced. 
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3.4 Morphological analysis 
3.4.1 Size 
The ANOVA results indicated that there were significant differences between log transformed 
mean head (Fig. 3.5a), coxa (Fig. 3.5a), femur (Fig. 3.5c), and tibia (Fig. 3.5d) length of male 
individuals when grouped according to mtDNA clades. Analysis of co-variance indicated that male 
coxa, femur, and tibia length were the only measurements that significantly co-varied (P < 0.01) 
when again grouped into clades. No significant size difference was found for any of the 
measurements in female individuals between lineages (results not shown).  
 
 
Figure 3.5 Boxplots for male individuals of mean log transformed length (μm) of a) head, b) coxa, 
c) femur, and d) tibia. ANOVA results are indicated in the bottom right corner of each boxplot. 
***significant values 
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Principal component analysis on log transformed raw data resulted in two principal components 
that account for, respectively, 97.2 % and 97.5 % of the variance of male (N = 52) (Fig. 3.6a) and 
female (N = 78) (Fig. 3.6b) fleas. The first principal component (PC1) for males and females 
showed four variables (100 %) with moderate positive loadings suggesting that PC1 was mainly 
associated with overall size. Partial separation was evident when PC1 and PC2 was visualized for 
male individuals of D1 (D. abaris) (N = 14) and D2 (D. ellobius) (N = 38) (Fig. 3.6a). In contrast, 
no separation was evident when PC1 and PC2 was visualized for female individuals of D1 (D. 
abaris) (N = 24) and D2 (D. ellobius) (N = 54) (Fig. 3.6b). The average male femur size of the two 
lineages did not show a clear geographical pattern in variation (Fig. 3.7). 
 
 
Figure 3.6 Principal component analysis of morphological measurements recorded for a) male D. 
ellobius lineages. D1 (D. abaris, red) (N = 14) and D2 (D. ellobius, deep yellow) (N = 38) and b) 
female D. ellobius lineages. D1, D. abaris, red) (N = 24) and D2, D. ellobius, deep yellow) (N = 
54). 
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Figure 3.7 Mean femur length (µm) of male individuals at each locality. The two lineages are 
indicated by different colours (D1, D. abaris, red; D2, D. ellobius, deep yellow). *No males 
individuals were found at FB for D2 (D. ellobius, deep yellow). 
 
3.4.2 Characters 
The apical margin of male sternite VIII was very strongly rounded with a distinct small ventral 
sinus present in D2 (D. ellobius) and this corresponded with the description of D. ellobius (Hopkins 
& Rothschild 1966). Male sternite VIII of D1 (D. abaris) had a concave apical margin above a 
round-off ventral angle with a small ventral sinus present as described for D. abaris (Hopkins & 
Rothschild 1966). It was evident based on character scores (Table 3.6) that D1 and D2 reciprocally 
belong to D. abaris and D. ellobius. 
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Table 3.6 The morphological characters assessed for individuals of the two lineages with resulting 
character scores (CS). (also see Table B.6). 
Character D1 D2 D. abaris D. ellobius 
Genal comb 1 1 1 1 
5th tarsal segment in males 1 1 1 1 
Frons 0 0 0 0 
Vestigial tubercle 0 0 0 0 
Abdominal bristles 0 0 0 0 
Size 1 0 1 0 
Male sternite VIII 1 0 1 0 
Male sternite IX 0 0 0 0 
Female spermetheca 0 0 0 0 
Male crochet phallosome 1 1 1 1 
Pronotum 1 1 1 1 
Total 6 4 6 4 
 
4. Discussion 
The study provides: (1) multiple lines of evidence (mtDNA, morphological, and ecological) 
showing support for the initial classification of D. abaris and D. ellobius as two valid species (or 
at least sub-species), and (2) new insights into the distribution and speciation process that may 
contribute to the genetic differentiation between D. abaris and D. ellobius. 
 
Several lines of evidence can be put forward to reject the claim that the subtle morphological 
differences between D. ellobius and D. abaris are merely geographic variation within the same 
species (de Meillon et al. 1961; Segerman 1995). The study provides molecular (mtDNA) and 
morphological data to support the existence of two distinct taxa within the region and thus rather 
supports the suggestion by Hopkins & Rothschild (1966) that the taxa be recognized as distinct 
species or at least subspecies as described by Jordan (1930). The two distinct monophyletic 
mtDNA clades detected herein suggest the absence of female gene flow between the two 
assemblages and the sequence divergence between these lineages is almost equal to or exceeds the 
distance between other recognized flea species belonging to Pulex (5.8 %; De la Cruz & Whiting 
2003) and Oropsylla (2.1 %; Brinkerhoff et al. 2011). The morphological differences recorded for 
male individuals of the two lineages further corresponded to the classification of D. abaris and D. 
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ellobius (Hopkins & Rothschild 1966) and given that the hind femur is considered as the preferred 
proxy of flea body size (Krasnov et al. 2003a; Khokhlova et al. 2010) all three measurements of 
the left hind leg (coxa, femur and tibia) co-varied and were larger in lineage D2 (D. ellobius) than 
in D1 (D. abaris). Female individuals did not show any morphological differences and, although 
the reason for this is unclear, it has been documented in many cases that variation in size is greater 
in males than in females of the same lineages (Fairburn 1997, 2005; Colwell 2000). It is 
unfortunate that the pattern recorded using mtDNA and morphological characteristics is not 
supported by nuclear DNA data in this study, but the absence of differentiation at the nuclear level 
is more than likely due to the close evolutionary relationship between the two clades and 
consequently incomplete lineage sorting at the nuclear DNA level (Funk & Omland 2003; 
Felsenstein 2004; Hernández-Vera et al. 2010). Incomplete lineage sorting is more prominent in 
nuclear DNA due to the higher effective population size and lower mutation rate for this marker 
system when compared to mtDNA. Furthermore, gene flow could be higher between nuclear 
sequences compared to mitochondrial sequences (Monteiro & Pierce 2001; Hernández-Vera et al. 
2010). 
 
Differences in the intraspecific genetic signatures of parasite species may be useful to predict 
different life history strategies (Gómez-Díaz et al. 2007; Whiteman et al. 2007; Poulin & Krasnov 
2010). Previous phylogeographic investigations focussing on ectoparasites indicated that in 
general, the dispersion and gene flow of fleas are not correlated with their hosts (Brinkerhoff et al. 
2011; Lin et al. 2014). After studying two flea species with different life histories, van der Mescht 
et al. 2015a (Chapter 2) indicated that a generalist fur flea, Listropsylla agrippinae, showed lower 
genetic diversity while a more host opportunistic nest flea, Chiastopsylla rossi, showed a higher 
level of mtDNA spatial genetic structure at the inter-populational scale. This pattern fitted the 
predictions that fleas that are more closely associated with the nest of the host are more restricted 
in dispersal (due to limited nests visits) and may thus show a higher level of genetic differentiation 
across the landscape when compared to a flea that spends more time on the host body (“fur” flea). 
If this tendency holds, it seems reasonable to speculate that the differences in the genetic diversity 
values between D. ellobius and D. abaris may also reflect similar differences in life history 
characteristics between these two species. The spatial genetic structure of D1 (D. abaris) is 
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comparable to a more generalist nest flea (higher inter-populational divergences due to more 
restrictions to dispersal) while D2 (D. ellobius) is comparatively reflective of a more specialist fur 
flea (showing a lower overall genetic diversity and inter-populational divergences). 
 
Based on general ecological predictions for ectoparasites, it is also possible to speculate further on 
some other life history and ecological differences between D1 (D. abaris) and D2 (D. ellobius). It 
has furthermore been recorded that the level of host association (host specificity and time spent on 
the host) exhibited by a parasite can influence the distribution of parasites within a host population, 
community and environment (Krasnov et al. 1997; Medvedev & Krasnov 2006; Krasnov 2008; 
Froeschke et al. 2013). It is therefore possible that the specific life history strategy that is used by 
the parasite can influence the species’ geographic distribution (Poulin & Krasnov 2010) and this 
will be reflected in its spatial genetic structure across the landscape (Krasnov & Poulin 2010). In 
support of this prediction, it has also been suggested that the overall genetic diversity may be 
elevated in parasite taxa that have more habitat-specific climatic requirements (Morand et al. 
2010). Unfortunately, we could not calculate accurate indices of host specificity for each lineage 
(we only sequenced a subsample of all D. ellobius individuals), and counting the number of host 
species utilized by a parasite as a measure of host specificity can lead to biased results (Poulin et 
al. 2011). Nevertheless, evenness of proportional abundances on host species, seems to provide 
supporting evidence that D1 (D. abaris) is less host specific than D2 (D. ellobius). Interestingly, 
in the zone of contact D1 (D. abaris) was also collected from R. pumilio and R. dilectus, whereas 
D2 (D. ellobius) was exclusively collected from the more mesic adapted R. dilectus (du Toit et al. 
2012) (Fig. 3.4; Table B.7). 
 
The environmental factors that could potentially be implicated as causing the speciation between 
D1 (D. abaris) and D2 (D. ellobius) is not clear since the phylogeographic structure of the fleas 
did not correspond perfectly to the documented known vicariant biogeographic patterns for the 
host species occurring in the region (Russo et al. 2010; Engelbrecht et al. 2011; du Toit et al. 2012). 
Although D1 (D. abaris) was recorded at multiple localities in the western xeric region of the 
country it appears to display a broader geographic range compared to D2 (D. ellobius), which is 
more often associated with the mesic eastern region of the country (Fig. 3.2). It has been 
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hypothesized previously that the sporadic occurrence of D. ellobius (senso stricto) in semi-arid 
and arid areas may be explained by patchy survival in refugia of favourable habitats from a humid 
epoch when grassland extended further west in SA (Segerman 1995). Since precipitation gradients 
have also been shown to be important in diversification of other flea species (Krasnov et al. 1998, 
2005b and references therein) it seems reasonable to suggest that the two species have different 
ecological requirements in terms of humidity at least. It is also interesting to note that the estimated 
6.42 Mya time of divergence between the two mtDNA lineages corresponds broadly to the rainfall 
and vegetation changes characterizing the continent around the Miocene-Pliocene boundary 
(Partridge 1997; Tyson & Partridge 2000; McCarthy & Rubidge 2005). McCarthy & Rubidge 
(2005) suggested that the western side of southern Africa experienced a decrease in rainfall which 
resulted in a change in vegetation from sub-tropical to the modern dryer biome (Coetzee 1978; 
Scott et al. 1997; Mucina & Rutherford 2006). This is in contrast to the eastern side of the 
subcontinent that recorded higher rainfall during the same period (McCarthy & Rubidge 2005). 
Since the same vegetational/climatic changes most likely also affected several of the rodent hosts 
in the region in a similar fashion (Mongelard & Matthee 2012), it is possible that the evolution of 
Dinopsyllus was equally affected. 
 
Apart from being geographically isolated, the two flea lineages seldom occurred sympatrically on 
the same host species. The exception being at two localities (AL and FB) that are regarded as the 
contact zone (Fig. 3.2 and 3.3; Table B.7) where the two lineages were found to occur on the same 
host individual. Based on host prevalence, it seems that the two lineages prefer (considering 
highest proportional prevalence) different host species and each lineage prefer host species that 
occur throughout their particular distribution range. This may be indicative of interspecific 
competition for rodent host species, ultimately leading to the occupation of different niches caused 
by ecological fitting (Hoberg & Brooks 2008). 
 
The study underlines the value of molecular markers, specifically in our instance the mtDNA COII 
marker, to address morphologically challenging questions in the field of flea taxonomy (Luchetti 
et al. 2005, 2007; Whiting et al. 2008; Lawrence et al. 2014; Lin et al. 2014). The use of an 
extensive (multiple localities spanning the parasite’s geographic range) and intensive (all possible 
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host species per locality) sampling approach in addition to a combination of markers (molecular 
and morphological) provides us with an opportunity to resolve two distinct lineages representing 
two putative species (D. ellobius & D. abaris; Hopkins & Rothschild 1966) currently classified as 
a single species (D. ellobius; Segerman 1995). These two species can only be morphologically 
identified based on males which seems to be a common phenomenon for many flea species in SA 
(Segerman 1995). The only way single sex morphological classification can be overcome is by 
classifying females with DNA barcoding. The sampling approach and the use of a mitochondrial 
marker provide novel ecological predictions open for future investigations. Additional sampling, 
and a further in depth analyses of habitat suitability, would provide more evidence to explain the 
evolutionary mechanisms involved. 
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Chapter 4 
The influence of life history characteristics on flea (Siphonaptera) species 
distribution models 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stellenbosch University  https://scholar.sun.ac.za
64 
 
1. Introduction 
Ectoparasites exhibit pronounced variation in life history strategies, with parasite-host associations 
ranging from one-to-one symbiosis (host specific) to multi-partner symbiosis (host generalist). 
Furthermore, life history also differs between taxa with some parasite species being only 
temporarily associated with the body of a host (e.g. ticks and fleas), while others are more 
permanently linked with a host (e.g. lice) (Marshall 1981; Morand et al. 2006; Alvarez et al. 2010). 
Consequently, it can be argued that the distribution of parasite species with multiple free-living 
stages (i.e. temporary parasites) are likely more strongly affected by the off-host environment (e.g. 
climatic and landscape features), whereas the distribution of permanent parasites may be indirectly 
driven by factors affecting host assemblages (e.g. shelter and food) (see Marshall 1981; Morand 
et al. 2006). Temporary parasite taxa, however, are also characterized by varying levels of host 
association (Marshall 1981; Morand et al. 2006), with these subtle differences in life history 
characteristics also potentially adding further complexity to patterns of parasite species 
distributions (Morand et al. 2006; Froeschke et al. 2013). These complex relationships between 
parasite, host and environment may make it difficult to achieve accurate range predictions for 
ectoparasites. 
 
The increasing threat posed by emerging infectious diseases (Daszak & Cunningham 2000; Bitam 
et al. 2010), coupled with an increase in the availability of species occurrence records, has 
stimulated renewed interest in predicting the current and future distributions of arthropod vectors. 
Species distribution (SD) modelling has proved useful for this purpose (e.g. Pérez-Rodríguez et 
al. 2013; Poretta et al. 2013a; Estrada-Peña et al. 2013), with particular success for several 
medically and veterinary important arthropod vectors (e.g. Adjemian et al. 2006; Rose & Wall 
2011; Poretta et al. 2013a; Wardhana et al. 2014), and also a single study on fleas (Adjemian et al. 
2006). In the latter study the authors used standard climatic variables (temperature, relative 
humidity and precipitation) in a GARP modelling approach to estimate the regional distribution of 
18 flea species that act as vectors of Yersinia pestis, the bacterial agent of plague. Given the recent 
re-emergence of certain flea-borne diseases (Bitman et al. 2010), any improvements in our 
understanding of changes in flea vector distributions is valuable for the field of epidemiology. 
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Fleas are obligate ectoparasites of terrestrial vertebrates, and are regarded as "permanent satellites" 
of their hosts, due to the intimate association between fleas and hosts (Medvedev & Krasnov 2006; 
Krasnov 2008). In general, fleas spend part of their life cycle in the host’s nest (egg, larvae and 
pupae) while adults occur on the body of the host. The length of time that adults spend on the host 
varies between flea taxa (Ioff 1941; Marshall 1981; Krasnov 2008), and this difference in 
microhabitat preference allows fleas to be categorized either as “fur” (adults spend more time on 
the host), “nest” (adults spend more time in the nest of the host) or “fur/nest” species (adults spend 
more or less equal amounts on the host and in the nest of the host) (Ioff 1941; Marshall 1981; 
Krasnov 2008). Flea species also differ in terms of host specificity, which ranges from host specific 
(recorded from ≤ 2 host species) to host opportunistic (recorded from > 2 host species) (Marshall 
1981; Combes 2001; Krasnov 2008). There appears to be no relationship between microhabitat 
preference and level of host specificity exhibited by flea species (i.e. nest fleas are not generally 
regarded as having a higher level of host specificity). However, differences in level of host 
association between a flea and a host may have profound implications for the level of exposure to 
environmental features (e.g. climate and landscape) (see Krasnov et al. 2010b, 2013a, 2014, 2015), 
highlighting the need to assess the importance of these life history characteristics in SD modelling 
studies. 
 
The aim of this study was therefore to compare SD model performance and the relative importance 
of predictor variables between flea species with different microhabitat preferences (fur vs. nest) 
and levels of host specificity (opportunistic vs. specific). We predicted that fur fleas will be more 
accurately modelled due to being more strongly affected by variables associated with regional 
environmental conditions (e.g. climate), while nest fleas will be less accurately modelled due to 
being affected by conditions within the host nest (e.g. soil conditions and microclimate; since all 
life stages spend the majority of their life cycle off the host and have limited dispersal capabilities). 
Furthermore, we predict that host specific fleas will be more strongly associated with the abiotic 
variables constraining their host’s distribution and therefore will be more accurately modelled than 
host opportunistic fleas. This is expected because host specific fleas are assumed to be adapted to 
the immediate environment of their specific host and thus are expected to tolerate a narrower range 
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of physical conditions compared to host opportunistic fleas (see Krasnov et al. 2003b; Krasnov 
2008; Shenbrot et al. 2007). 
 
2. Materials and Methods 
A dataset comprising occurrence records for flea species that parasitize 83 small mammal species 
(rodents, elephant shrews and shrews) from 1109 localities across South Africa (SA) were 
compiled from published literature (Segerman 1995) and newly sampled sites (Chapters 2 and 3); 
van der Mescht et al. 2015a, b). Flea species were selected for modelling if occurrence records 
from 10 or more localities were available (following Stockwell & Peterson 2002; Wisz et al. 2008; 
Robe et al. 2014) and when their microhabitat preference and host specificity were also known 
(Table 4.1). Flea species were subsequently categorized by microhabitat preference (fur: adult 
stage spend more time on the host vs. nest: adults spend more time in the nest of the host vs. 
fur/nest: adults stage spend roughly equal time in the nest and on the host) (Ioff 1941; Marshall 
1981; Krasnov 2008) and host specificity (opportunistic: recorded from > 2 host species vs. 
specific: recorded from ≤ 2 host species: Marshall 1981; based on de Meillon et al. 1961; Segerman 
1995) (Table 4.1). Fleas that spend almost equal amounts of time in the nest and fur (indicated as 
fur/nest in Table 4.1) were only included when analysing species by host specificity. Furthermore, 
instances where a flea species was only recorded once from a host species were seen as accidental 
infestations and not considered as valid when classifying host specificity. 
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Table 4.1 Flea species analysed in the study. Microhabitat preference, host specificity, number of 
unique occurrence records and two measures of model performance (AUC and TSS) are indicated 
for each species. 
Species 
Microhabitat 
preference 
Host 
specificitya 
Occurrence 
records 
AUCb TSSb 
Chiastopsylla coraxis nest opportunistic 51 0.907 0.694 
Chiastopsylla mulleri simplex fur/nest specific 26 0.948 0.752 
Chiastopsylla pitchfordi nest opportunistic 58 0.907 0.706 
Chiastopsylla quadrisetis fur/nest specific 15 0.940 0.804 
Chiastopsylla rossi nest opportunistic 88 0.545 0.067 
Ctenopthalmus calceatus fur/nest opportunistic 85 0.848 0.518 
Demeillonia granti fur specific 15 0.737 0.386 
Dinopsyllus ellobius fur/nest opportunistic 439 0.646 0.231 
Dinopsyllus lypusus fur opportunistic 34 0.894 0.545 
Epirimia aganippes fur opportunistic 52 0.738 0.280 
Listropsylla agrippinae fur opportunistic 150 0.760 0.360 
Listropsylla chelura nest specific 50 0.821 0.454 
Listropsylla dorripae nest specific 70 0.695 0.277 
Listropsylla fouriei nest specific 13 0.665 0.272 
Listropsylla prominens fur opportunistic 28 0.882 0.519 
Praopsylla powelli fur/nest specific 15 0.885 0.560 
Xenopsylla eridos nest opportunistic 134 0.810 0.499 
Xenopsylla mulleri nest specific 10 0.978 0.763 
Xenopsylla pirei nest opportunistic 284 0.737 0.423 
Xenopsylla trifaria nest specific 24 0.733 0.363 
Xenopsylla versuta fur/nest specific 32 0.890 0.636 
a Opportunistic = recorded from > 2 host species and specific = recorded from ≤ 2 host species. 
b AUC = area under the curve of the receiver operating characteristic (ROC), TSS = True Skill 
Statistic 
 
Preliminary climate and landscape feature variables were selected based on our knowledge of flea 
ecology, limiting candidate variables to only predictors that are considered ecologically relevant 
to flea species (following Austin 2007; Elith et al. 2011; Merow et al. 2013). All predictor variables 
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and flea occurrence data were converted to Quarter Degree Grid Cell (QDGC) scale and cropped 
to the borders of SA. Six remotely-sensed climate-based variables (daytime land surface 
temperature (hereafter referred to as day temperature), Leaf Area Index (LAI), Normalised 
Difference Vegetation Index (NDVI), rainfall, water vapour, and soil characteristics) and one 
landscape feature variable (Topography) were extracted from the NASA-NEO website 
(http://neo.sci.gsfc.nasa.gov/about/) as potential predictor variables (missing values were 
estimated as the average of contiguous cells). Climate is known to generally influence flea 
populations to a greater extent than host species, especially at regional and local scales (Stark 2002; 
Krasnov et al. 2015), with air temperature, rainfall and relative humidity being important for flea 
survival (see Marshall 1981; Stark 2002; Adjemian et al. 2006; Krasnov et al. 2001a, b, 2002a, b). 
NDVI is widely used in arthropod vector distribution modelling and is a measure of primary 
productivity (plant photosynthetic activity), and therefore can be considered as a proxy for general 
arthropod habitat conditions (Reisen 2010; Pettorelli et al. 2011). Furthermore, NDVI has also 
been successfully used in small mammal resource and population dynamics studies (Andreo et al. 
2009a, b; Pettorelli et al. 2011), and therefore may also be a surrogate for host availability. LAI is 
a measure of plant canopy structure and can influence incident radiation and evapotranspiration at 
the soil surface (Myneni et al. 2002). Additionally soil data, including soil organic carbon content, 
pH, cation exchange capacity, percentage sand and bulk density, were extracted from the SoilGrids 
database (Hengl et al. 2014) (http://www.soilgrids.org/) at a depth of 60-100 cm. These soil 
characteristics may be expected to have direct (via microhabitat) and indirect (small mammal 
burrowing conditions) effects on flea species distributions (Cook 1990; du Plessis et al. 1992; 
Osacar-Jimenez et al. 2001; Krasnov et al. 2002a; Shenbrot et al. 2002). 
 
To remove collinearity between climate-based predictors and to summarize seasonality we 
performed harmonic regressions for all of the climate variables using monthly data from January 
2001 until June 2014 (following the methods of Estrada-Peña et al. 2014). These Fourier-
transformed variables (“harmonic variables” hereafter) represent key temporal climate trends, 
reflecting different measures of seasonality (Estrada-Peña et al. 2014). Maximum, minimum, 
mean, range, and coefficient of variation (CV) values were also calculated for each climate 
variable. The correlation between all predictor variables was then calculated to identify collinear 
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predictors, with the most strongly correlated variable excluded and the process repeated until the 
strongest correlation was weaker than |0.7|. When choosing between two strongly correlated 
variables, the preference was to drop harmonic variables rather than the other more biologically-
interpretable variables (i.e. maximum, minimum, mean, range, CV, topography, and soil 
variables). Through this process an initial set of 68 predictor variables was reduced to 19 predictors 
with minimal collinearity and with clear ecological relevance, avoiding the inclusion of variables 
that are irrelevant and/or will inflate models (Cumming & van Vuuren 2006; Pérez-Rodríguez et 
al. 2013; Estrada-Peña et al. 2013, 2014). All analyses were conducted in R v3.1.3 (R Foundation 
for Statistical Computing, Vienna, AT, AU) and ArcGIS 10.1 (ESRI 2011). 
 
Species distribution modelling relates species presence (or presence and absence) data to 
environmental variables to predict the distribution of species over a specified geographic range 
(Franklin 2009). In this study MaxEnt models, based on the maximum entropy algorithm, were 
used with presence-only data (MaxEnt v3.3.3; Phillips et al. 2006, 2008). To account for 
potentially spatially-biased sampling of fleas across our study region (e.g. due to more studies 
being conducted in protected areas), MaxEnt models were adjusted for uneven sampling by 
incorporating background data reflecting patterns in sampling effort (Elith et al. 2011; Merow et 
al. 2013). All 1109 localities from which flea species occurrences have been published were 
therefore included as background points to distinguish false absences (lack of survey data) from 
true absences (species was not recorded). 
 
For each flea species variable importance (i.e. relative contribution of each predictor variable) was 
calculated using the full dataset. The mean importance of each variable type (the average of all 
related individual predictor variables) was determined for each group of flea species (microhabitat 
preference and host specificity). Model performance was evaluated using 10-fold cross-validation 
to calculate the area under the curve (AUC) of the receiver operating characteristic (ROC; Peterson 
et al. 2007) and the true skill statistic (TSS; Allouche et al. 2006). Analysis of variation (ANOVA) 
was used to test if AUC and TSS values differed according to species’ microhabitat preference and 
host specificity. Non-metric multi-dimensional scaling (NMDS) and analysis of similarity 
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(ANOSIM; implemented from the vegan package in R) were used to test if differences in variable 
importance were related to microhabitat preference or host specificity. 
 
3. Results 
A total of 21 flea species from small mammals were selected with known microhabitat preference, 
host specificity, and sufficient occurrence records (Table 4.1). Overall, model performance was 
highly variable between flea species (AUC from 0.545 to 0.978; TSS from 0.067 to 0.804; Table 
4.1), but was good to excellent on average (mean ± SE AUC = 0.799 ± 0.026, TSS = 0.464 ± 
0.045). 
 
Table 4.2 Final list of variable type and individual predictor variables used for modelling. 
Variable type Predictor variable 
Day temperature 
6th harmonic component of daytime land surface temperature 
7th harmonic component of daytime land surface temperature 
Minimum daytime land surface temperature 
LAI 
3rd harmonic component of daily LAI 
4th harmonic component of daily LAI 
NDVI 
4th harmonic component of daily NDVI 
7th harmonic component of daily NDVI 
Rainfall 
4th harmonic component of daily rainfall 
6th harmonic component of daily rainfall 
7th harmonic component of daily rainfall 
Minimum rainfall 
Maximum rainfall 
Water vapour 
4th harmonic component of daily water vapour 
5th harmonic component of daily water vapour 
6th harmonic component of daily water vapour 
Minimum water vapour 
Soil 
Soil percentage sand 
Soil organic carbon 
Soil pH 
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For flea microhabitat preference, there was no significant difference in AUC (F1, 13 = 0.120, p = 
0.735) or TSS (F1, 13 = 0.101, p = 0.756) values between fur (AUC = 0.802 ± 0.035; TSS = 0.418 
± 0.050) and nest (AUC = 0.780 ± 0.041; TSS = 0.452 ± 0.070) fleas. In addition, importance of 
the predictor variables did not differ significantly between fur and nest fleas (ANOSIM: R2 = 8.7 
%, p = 0.204; Fig 4.1). Variable importance averaged by variable type (i.e. day temperature, LAI, 
NDVI, rainfall, water vapour, and soil; Table 4.2), revealed that temperature-related variables were 
most important for predicting species distributions, and this was particularly so for fur fleas (Fig 
4.2). Rainfall was the second most important variable type for predicting the occurrence of nest 
fleas (having a significantly higher relative contribution to nest fleas than fur fleas; Fig 4.2). 
Considering variables individually, minimum day temperature and minimum water vapour 
contributed significantly more strongly to fur than nest fleas while minimum rainfall contributed 
significantly more towards predicting the distribution of nest fleas than fur fleas (Fig. A.4a). 
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Figure 4.1 NMDS ordination plot showing the relationship between microhabitat preference of 
flea species and the variable importance of predictors included in each species distribution model. 
The best linear fit of all variables that had a significant (p ≤ 0.05) influence are indicated. Variable 
codes: DT6, 6th harmonic component of daytime land surface temperature; DTMIN, minimum 
daytime land surface temperature; RFMIN, minimum rainfall; RFMAX, maximum rainfall; WV6, 
6th harmonic regression component of water vapour. 
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Figure 4.2 Variable importance (i.e. percent relative predictor variable type importance) in 
MaxEnt models, averaged across flea species for each variable type based on microhabitat 
preference (see Table 4.2 for variable category information). Significant differences in the 
contribution of predictor variable types between the two categories of species are indicated by 
asterisks: *** 0.001, ** 0.01, * 0.05. 
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In the case of host specificity, there was no significant difference in AUC (F1, 24 = 0.427, p = 0.520) 
or TSS (F1, 24 = 0.699, p = 0.411) values between host opportunistic (AUC = 0.789 ± 0.035; TSS 
= 0.440 ± 0.059) and -specific (AUC = 0.829 ± 0.036; TSS = 0.527 ± 0.065) species. However, 
there was a strong and significant difference in variable importance between host opportunistic 
and -specific fleas (ANOSIM: R2 = 31.3 %, p = 0.003; Fig 4.3). When averaging variable 
importance by type, day temperature, followed by rainfall, was the most important predictor for 
both host opportunistic and -specific fleas. However, day temperature contributed more strongly 
towards host opportunistic than -specific fleas, whereas rainfall contributed equally towards both 
host opportunistic and –specific fleas (Fig 4.4). Further, NDVI contributed more strongly towards 
host specific than -opportunistic fleas (Fig 4.4). Considering variables individually, minimum day 
temperature contributed significantly more towards host opportunistic than –specific fleas (Fig. 
A.4b). 
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Figure 4.3 NMDS ordination plot showing the relationship between host specificity of flea species 
and the variable importance of predictors included in each species distribution model. The best 
linear fit of all variables that had a significant (p ≤ 0.05) influence are indicated. Variable codes: 
DT6, 6th harmonic component of daytime land surface temperature; DT7, 7th harmonic component 
of daytime land surface temperature; DTMIN, minimum daytime land surface temperature; 
NDVI7, 7th harmonic component of NDVI; RFMIN, minimum rainfall; RFMAX, maximum 
rainfall; WV6, 6th harmonic regression component of water vapour; WVMIN, minimum water 
vapour; SPS, soil percentage sand. 
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Figure 4.4 Variable importance (i.e. percent relative predictor variable type importance) in 
MaxEnt models, averaged across flea species for each variable type based on host specificity (see 
Table 4.2 for variable category information). Significant differences in the contribution of 
predictor variable types between the two categories of species are indicated by asterisks: *** 0.001, 
** 0.01, * 0.05. 
 
4. Discussion 
The study confirms that contemporary SD modelling, that includes climatic and landscape 
variables, has potential for improving predictions of changes in the distribution of flea species. 
The model performance for fleas was good overall, with life history not having a significant effect 
on model performance. However, the importance of predictor variables differed considerably 
between species with different life history strategies, suggesting differential sensitivity to climate 
(temperature and rainfall) and landscape feature (NDVI) variables among groups of fleas. 
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Abiotic conditions such as air temperature, relative humidity and precipitation are important for 
fleas (Marshall 1981; Krasnov et al. 2001a, b, 2002a, b; Stark 2002; Adjemian et al. 2006), 
especially at the regional scale (Wisz et al. 2013; Krasnov et al. 2015). In particular, air temperature 
and relative humidity can have a direct (influence on egg production and rate of oviposition, 
development and survival of pre-imaginal fleas, and survival of imagoes) (Krasnov et al. 2001a, 
b, 2002a, b) and/or indirect affect (influence hosts abundance and distribution) on flea survival 
(Marshall 1981; Krasnov 2008; Krasnov et al. 2015). However, flea species also vary in terms of 
preferred temperature range (reviewed by Krasnov 2008) and although there is evidence that 
phylogenetic relatedness may explain this pattern for certain flea taxa it appears not to be consistent 
across all taxa (Vashchenok 1988; Krasnov 2008, Krasnov et al. 2015). In the present study we 
found that temperature is an important predictor of flea species ranges, irrespective of life history, 
but that the relative importance of temperature differed between flea life histories. In particular, 
the higher importance of temperature for host opportunistic compared to -specific fleas may be 
related to their physiological limits (Krasnov et al. 2001a, b, 2002a, b). Host opportunistic fleas 
generally have a wider tolerance range (climate and host composition), are geographically more 
widespread and are likely to experience more environmental heterogeneity throughout their 
geographical range (Krasnov et al. 2003b, 2015; Krasnov 2008; Shenbrot et al. 2007). In contrast, 
host specific fleas generally have narrower tolerance ranges (climate and host composition), are 
less widespread and are likely to experience more environmental homogeneity throughout their 
geographical range (Krasnov et al. 2003b, 2015; Krasnov 2008; Shenbrot et al. 2007). Thus, 
although temperature is important, especially for the development of immature nest stages in 
general, it is evidently less important for host specific fleas in this study. 
 
Linking on to this it seems that host specific fleas are more influenced by variables related to host 
availability as evident from the higher NDVI importance for host specific compared to –
opportunistic fleas in the current study. NDVI has been used as a measure of the amount of suitable 
habitat for arthropod vectors (Reisen 2010; Pettorelli et al. 2011) and may also be a good proxy 
for several aspects of habitat quality that are of relevance to fleas. Abiotic factors influence 
vegetation and thus food supply (Singleton et al. 2001; Brown & Ernest 2002; Jaksic & Lima 2003; 
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Meserve et al. 2003; Zhang et al. 2003) and actual or perceived predation risk (Rosenzweig 1973; 
Norrdahl & Korpimäki 1995; Spencer et al. 2005) which will affect small mammal host abundance 
and distribution (Andreo et al. 2009a, b; Pettorelli et al. 2011), this in turn may directly influence 
flea abundance and distribution (Krasnov et al. 2015). In the current study, environmental stability 
could facilitate small mammal host population stability and subsequent flea population stability 
and specialization (MacArthur 1955, 1972), because host specific fleas tolerate restricted abiotic 
and biotic conditions (Brown 1995). In contrast, host opportunistic fleas can tolerate variable 
environments and conditions and are thus less affected by NDVI (Pettorelli et al. 2011). 
 
Predictor importance for individual variables also differed between species with different 
microhabitat preferences. Temperature was again overall the most important predictor for both fur 
and nest fleas. However, the difference in the importance of temperature was even more 
pronounced when compared with level of host specificity (as discussed above), with temperature 
being more important for fur fleas as opposed to nest fleas. Fur fleas spend more time on the body 
of the host and as a result are potentially exposed to higher fluctuations in ambient temperature 
and relative humidity compared to nest fleas (see Shenbrot et al. 2002). It has been suggested that 
nest fleas may have evolved to spend more time in nests due to more constant and buffered 
microclimatic conditions brought about by the physical properties of nests (Rothschild & Clay 
1952; Hopkins 1957; Marshall 1981). Although discrepancies in the fur versus nest dichotomy are 
mainly attributed to ambient temperature in the literature (see Krasnov 2008 and references 
within), it has also been suggested that within-host among-flea difference can be explained by this 
dichotomy, whereas between-host within-flea differences are better explained by between-host 
difference in nest construction (Krasnov et al. 1997, 1998). 
 
Studies on different nest types (burrows, above-ground nests and nest within rock crevices) all 
demonstrate that microclimatic conditions are more stable in nests compared to the external 
environment (Cook 1990; du Plessis et al. 1992; Osacar-Jimenez et al. 2001; Shenbrot et al. 2002). 
Other factors that can facilitate higher and more stable humidity levels in the nest include, the 
presence of nest material (Shenbrot et al. 2002; Burda et al. 2006) and higher soil water capacity 
of the mineral and organic enriched nest soil (Hudson 1994), due to the activities of hosts in nests 
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(Shenbrot et al. 2002; Burda et al. 2006). In support of this, rainfall contributed significantly more 
towards explaining the distribution of nest compared to fur fleas in the current study. Rainwater 
naturally filters down into soil layers which can contribute to maintaining higher and more stable 
humidity levels in the nest of hosts (Cook 1990; Osacar-Jimenez et al. 2001; Shenbrot et al. 2002). 
In addition, the type and complexity of host nests are influenced by the soil texture (Laundre & 
Reynolds 1993; Shenbrot et al. 2002). It is therefore not surprising that soil percentage sand was 
more important for nest compared to fur fleas. It is evident from this study that the interplay 
between temperature, rainfall and potentially relative humidity with nest construction can facilitate 
the separation of fleas into different microhabitat types. 
 
Our study suggests that SD modelling can be a useful tool for studying the drivers of flea species 
distributions and also the underlying ecology of these species, but caution needs to be taken when 
deciding which predictor variables to include. While our results highlight how contemporary 
models can perform well, it is unclear to what extent the inclusion of biotic interactions (e.g. host 
availability and competition) could further improve model accuracy and transferability (Pérez-
Rodríguez et al. 2013; Wisz et al. 2013). Specifically, modelling and comparing flea species with 
different levels of host specificity could possibly benefit from including accurate host species 
occurrence data. Furthermore, it is important to remember that ecological patterns are affected by 
processes that act at different scales (Coreau & Martin 2007). For example, the assembly of flea 
compound (all species infesting a host community) communities is strongly affected by host filters 
(e.g. evolutionary, biogeographic and historical forces) at the continental scale, while at the 
regional and local scale it is more strongly affected by the abiotic filters (e.g. topography, NDVI 
and climate) (see Krasnov et al. 2010b, 2013a, 2014, 2015). Therefore, the value of the inclusion 
of host species data (and the predominant importance of temperature in our models) may be 
contingent on the spatial scale of analysis. 
 
Five of the flea species in our study (Chiastopsylla rossi, Dinopsyllus lypusus, Listropsylla 
dorripae, Xenopsylla pirei, and Xenopsylla versuta) have been implicated as possible vectors of 
diseases in SA (e.g. plague, de Meillon et al. 1961). As a consequence, accurate forecasts of the 
future distributions of these species are valuable for the field of epidemiology. Our results suggest 
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that despite differences in their degree of host specificity, SD models should perform well for all 
of these species. However, due to differential sensitivity to different groups of climatic and 
landscape variables, host specific and -generalist flea species are likely to respond very differently 
to changes in abiotic conditions. As a result, our results suggest the importance of explicitly 
considering species life history as a potential mediating variable when predicting flea species 
distributions. 
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Conclusions 
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The study explored various mechanisms that are involved in shaping the diversification and 
distribution of fleas on small mammals across South Africa. 
 
In Chapter 2, we investigate the influence of vicariance and host association on the genetic 
structure of two generalist flea species, Listropsylla agrippinae, and Chiastopsylla rossi. In 
parasitic taxa, life history traits such as microhabitat preference and host specificity can result in 
differential evolutionary responses to similar abiotic events. The taxa differ in the time spent on 
the host (predominantly fur vs. nest) and level of host specificity. The evolutionary history of the 
flea species could best be explained by the association between parasite and host (time spent on 
the host). The phylogeographic pattern of the fur flea with a narrower host range correspond to 
host spatial genetic structures, while the pattern in the host opportunistic nest flea correspond to 
higher genetic divergences between sampling localities that may also be associated with higher 
effective population sizes. These findings suggest that genetic exchange among localities are most 
likely explained by differences in the dispersal abilities and life histories of the flea species. 
 
In chapter 3, we provide a genetic perspective on the taxonomy and evolution of the medically 
important flea, Dinopsyllus ellobius, and show strong evidence for the resurrection of Dinopsyllus 
abaris. Dinopsyllus ellobius is considered a common and widespread flea in southern Africa and 
can act as a vector for plague. Due to differences in the interpretation of geographic variation in 
male sternite VIII, the taxonomy of the species is characterised by uncertainty. The exact 
mechanisms that could have caused the diversification among lineages are not clear but the two 
lineages seem to be geographically separated and may have different ecological requirements. The 
present study strongly supports the notion that the two lineages are representative of D. ellobius 
(probably more associated with the host body and better adapted to mesic conditions) and D. abaris 
(most likely more associated with the host nest and diverse climatic conditions) as originally 
proposed based on the single morphological character confined to male sternite VIII. 
 
In chapter 4, we investigate the influence of variation in life history strategies on species 
distribution (SD) modelling. Since SD modelling does not account for differences in life history, 
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the accuracy of predictions of current and future species’ ranges could differ strongly between 
species groups. The current study provide supporting evidence that contemporary SD modelling, 
that includes climate and landscape feature variables, is a valuable tool to study the biogeography 
and future distributions of fleas. However, we provide evidence that flea species with different life 
histories may be differentially sensitive to environmental conditions. 
 
From the study it is evident that parasite life history is an important aspect to consider in any 
evolutionary and ecological studies. In particular the level of host association (i.e. time spent on 
the host) has direct bearing on transmission of parasite species which can significantly influence 
the distribution, diversity and diversification of taxa. 
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Figure A.1 Maps indicating published biogeographic patterns directly obtained for a) Rhabdomys 
(du Toit et al. 2012), b) Micaelamys (Russo et al. 2010), c) Otomys (Engelbrecht et al. 2011) and 
d) Myosorex (Willows-Munro & Matthee 2011). 
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Figure A.2 Morphological measurements of size measured as length of head, coxa, femur and 
tibia of the left hind leg for males and females of both lineages. 
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Figure A.3 Maximum lineage probability tree obtained from divergence dating in BEAST 
analysis. Posterior mean divergence dates in millions of years before present are indicated above 
nodes. The 95 % HPD credibility intervals are indicated by values below nodes and by grey shaded 
bars. Fossil calibrated nodes are indicated by stars (see Table B.5). 
 
 
 
 
 
 
Stellenbosch University  https://scholar.sun.ac.za
117 
 
 
Figure A.4 Variable importance (i.e. percent relative predictor variable individual contribution) 
in MaxEnt models, averaged across flea species based on (a) microhabitat preference and (b) host 
specificity (see Table B.8 for variable reference code). Significant differences in the contribution 
of predictor variables between the two categories of species are indicated by asterisks: *** 0.001, 
** 0.01, * 0.05. 
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Table B.1 Host identity and abundance, parasite prevalence and the number of specimens sequenced for each flea species per locality. 
Province Locality Code Geographic coordinates Host Host (n) 
Listropsylla agrippinae Chiastopsylla rossi 
Prevalence 
(%) 
Sequenced 
(n) 
Prevalence 
(%) 
Sequenced 
(n) 
Western Cape Anysberg AB -33.46 S 20.59 E  Rhabdomys pumilio 33 3 4 42 12 
     Micealamys namaquensis 6 17 1 0 0 
     Otomys irroratus 1 100 0 100 2 
     Myotomys unisulcatus 10 0 0 0 0 
     Elephantulus edwardii 1 0 0 0 0 
     Total 51 6 5 29 14 
           
  Beaufort West BW -32.22 S 22.80 E  Rhabdomys intermedius 33 6 10 36 10 
     Micealamys namaquensis 6 33 2 0 0 
     Otomys irroratus 4 100 1 75 4 
     Myotomys unisulcatus 4 0 0 0 0 
     Shrew spp. 2 0 0 0 0 
     Total 49 12 13 31 14 
           
  Buffeljagsrivier BR -34.05 S 20.53 E  Rhabdomys pumilio 27 19 6 59 8 
     Otomys irroratus 8 0 0 25 2 
     Shrew spp. 1 0 0 0 0 
     Total 36 14 6 50 10 
           
  Kanu CS -33.95 S 18.83 E  Rhabdomys pumilio 73 12 10 36 7 
     Micealamys namaquensis 5 0 0 0 0 
     Otomys irroratus 10 0 0 0 0 
     Shrew spp. 6 0 0 0 0 
     Mus minutoides 9 0 0 0 0 
     Total 103 9 10 25 7 
 continued…          
Stellenbosch University  https://scholar.sun.ac.za
Stellenbosch University  https://scholar.sun.ac.za
120 
 
Province Locality Code Geographic coordinates Host Host (n) 
Listropsylla agrippinae Chiastopsylla rossi 
Prevalence 
(%) 
Sequenced 
(n) 
Prevalence 
(%) 
Sequenced 
(n) 
  Mooiplaas MP -33.92 S 18.75 E  Rhabdomys pumilio 35 11 4 34 9 
     Otomys irroratus 1 0 0 0 0 
     Elephantulus edwardii 1 0 0 100 2 
     Myotomys unisulcatus 5 0 0 0 0 
     Total 42 10 4 31 11 
           
  Vanrhynsdorp VR -31.73 S 18.77 E  Rhabdomys pumilio 25 8 5 56 15 
     Micealamys namaquensis 4 0 0 0 0 
     Otomys irroratus 1 0 0 100 0 
     Mus musculus 1 0 0 0 0 
     Total 31 6 5 48 15 
           
Northern Cape Dronfield DF -28.74 S 24.77 E  Rhabdomys intermedius 32 9 0 34 4 
     Tatera leucogaster 1 0 0 0 0 
     Rattus rattus 1 0 0 0 0 
     Mastomys coucha 2 0 0 0 0 
     Total 36 8 0 31 4 
           
  Garies GS -30.43 S 17.89 E  Rhabdomys pumilio 27 19 6 26 5 
     Micealamys namaquensis 15 13 4 7 0 
     Myotomys unisulcatus 2 0 0 0 0 
     Elephantulus edwardii 2 0 0 0 0 
     Gerbillurus paeba 1 0 0 0 0 
     Total 47 15 10 17 5 
           
  Loeriesfontein LF -30.95 S 19.44 E  Rhabdomys intermedius 31 48 12 48 15 
     Micealamys namaquensis 16 31 1 0 0 
 continued…    Myotomys unisulcatus 5 40 2 40 1 
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Province Locality Code Geographic coordinates Host Host (n) 
Listropsylla agrippinae Chiastopsylla rossi 
Prevalence 
(%) 
Sequenced 
(n) 
Prevalence 
(%) 
Sequenced 
(n) 
     Elephantulus edwardii 3 0 0 0 0 
     Total 55 40 15 31 16 
           
  Springbok GP -29.70 S 18.03 E  Rhabdomys pumilio 56 23 12 2 1 
     Micealamys namaquensis 31 0 0 6 0 
     Myotomys unisulcatus 17 6 2 18 2 
     Mus musculus 1 0 0 0 0 
     Elephantulus edwardii 5 0 0 0 0 
     Desmodillus auricularis 4 0 0 0 0 
     Parotomys brantsii 2 0 0 0 0 
     Total 116 12 14 5 3 
           
  Sutherland SL -32.40 S 20.90 E  Rhabdomys intermedius 25 32 14 40 8 
     Myotomys unisulcatus 9 33 0 67 0 
     Gerbillurus paeba 1 0 0 0 0 
     Total 35 31 14 46 8 
           
  Three Sisters TS -31.89 S 23.15 E  Rhabdomys intermedius 5 20 1 20 0 
     Micealamys namaquensis 6 17 2 0 0 
     Myotomys unisulcatus 9 22 7 0 0 
     Mus musculus 4 0 0 0 0 
     Gerbillurus paeba 1 0 0 0 0 
     Shrew spp. 2 0 0 0 0 
     Total 27 15 10 4 0 
           
Eastern Cape Alice AL -32.79 S 26.85 E  Rhabdomys dilectus 6 0 0 17 3 
     Otomys irroratus 8 0 0 13 1 
 continued…    Rattus rattus 2 0 0 0 0 
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Province Locality Code Geographic coordinates Host Host (n) 
Listropsylla agrippinae Chiastopsylla rossi 
Prevalence 
(%) 
Sequenced 
(n) 
Prevalence 
(%) 
Sequenced 
(n) 
     Mastomys natalensis 15 0 0 7 1 
     Total 31 0 0 10 5 
           
  Dohne DE -32.53 S 27.46 E  Rhabdomys dilectus 30 30 10 30 5 
     Otomys irroratus 8 13 1 75 2 
     Shrew spp. 6 0 0 17 3 
     Total 44 23 11 36 10 
           
  Fort Beaufort FB -32.78 S 26.63 E  Rhabdomys pumilio 8 25 3 38 4 
     Rhabdomys dilectus 8 50 5 88 6 
     Micealamys namaquensis 16 13 1 13 1 
     Otomys irroratus 6 0 0 33 4 
     Mus musculus 2 0 0 0 0 
     Shrew spp. 2 0 0 50 1 
     Total 42 19 9 36 16 
           
  Hogsback HB -32.59 S 26.92 E  Rhabdomys dilectus 10 30 0 30 3 
     Otomys irroratus 2 50 0 100 13 
     Mus musculus 4 0 0 25 1 
     Rattus rattus 1 0 0 0 0 
     Shrew spp. 1 0 0 0 0 
     Total 18 22 0 33 17 
           
  The Croft TC -32.55 S 27.37 E  Rhabdomys dilectus 25 0 0 16 4 
     Otomys irroratus 15 0 0 33 6 
     Shrew spp. 3 0 0 33 1 
     Total 43 0 0 23 11 
 continued…          
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Province Locality Code Geographic coordinates Host Host (n) 
Listropsylla agrippinae Chiastopsylla rossi 
Prevalence 
(%) 
Sequenced 
(n) 
Prevalence 
(%) 
Sequenced 
(n) 
Gauteng Kaalplaas* KP -25.63 S 28.17 E Rhabdomys dilectus 97 * * * * 
     Otomys irroratus 1 * * * * 
     Mus musculus 1 * * * * 
     Mastomys natalensis 44 * * * * 
     Shrew spp. 11 * * * * 
     Dasymys spp. 4 * * * * 
     Total 158 0 0 9 5 
           
North West Mooinooi* MN -25.47 S 27.33 E Micealamys chrysophilus 8 * * * * 
     Mus musculus 7 * * * * 
     Mastomys natalensis 21 * * * * 
     Shrew spp. 3 * * * * 
     Lemniscomous rosalia 14 * * * * 
     Steatomys pratensis 10 * * * * 
     Total 63 0 0 13 8 
           
KwaZulu-Natal Albert Falls AF -29.47 S 30.40 E Mastomys natalensis 26 0 0 15 5 
     Otomys irroratus 2 0 0 100 4 
    Shrew spp. 1 0 0 0 0 
    Total 29 0 0 21 9 
*Could not determine which host the samples were sequenced from.
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Table B.2 Primers used for PCR amplification of mitochondrial and nuclear genes for the two 
flea species. COII amplification consisted of a denaturation cycle of 1 min at 95°C followed 
by a 10 cycle loop of 1 min at 95°C, 45°C, and 72°C, respectively. A 30 cycle loop was then 
performed with denaturation for 1min at 93°C followed by annealing for 1 min at the primer 
specific temperature, and 1 min extension at 72°C, followed by a final extension period of 5 
min at 72°C. General PCR cycling conditions for the EF1-α region included an initial 
denaturation of 5 min at 94°C followed by 40 cycles of 30 s denaturation at 94°C, 45 s 
annealing at primer specific temperature, and 1 min extension at 72°C, followed by a final 
extension period of 7 min at 72°C. *Primers from Whiting (2002). 
Taxon Marker Primer F/R Sequence (5'-3') Annealing temperature (°C) 
L agrippinae COII COII-2a* F ATAGAKCWTCYCCHTTAATAGAACA 50-52°C 
  COII-9b* R GTACTTGCTTTCAGTCATCTWATG 50-52°C 
 EF1-α ForlagNEW F TTGGATGGCACCAAGTTGAC 59.6°C 
  RevlagNEW R TGGCTTTCACTTTGGGAGTC 59.6°C 
C rossi COII COII-2a* F ATAGAKCWTCYCCHTTAATAGAACA 50-52°C 
  COII-9b* R GTACTTGCTTTCAGTCATCTWATG 50-52°C 
 EF1-α EF-1a M 44-1* F GCTGAGCGYGARCGTGGTATCAC 59.6°C 
  EF-1a rcM 4.0* R ACAGVCACKGTYTGYCTCATRTC 59.6°C 
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Table B.3 Geographical coordinates of all localities sampled throughout South Africa. 
Province Locality Code Latitude Longitude 
Western Cape Anysberg AB -33.97 18.97 
  Beaufort West BW -32.22 22.80 
  Blaauwberg BB -33.80 18.46 
  Buffeljagsrivier BR -34.05 20.53 
  Hottentotsholland HT -32.33 19.22 
  Kanu CS -33.95 18.83 
  Mooiplaas MP -33.92 18.75 
  Vanrhynsdorp VR -31.73 18.77 
      
Northern Cape Dronfield DF -28.74 24.77 
  Garies GS -30.43 17.89 
  Loeriesfontein LF -30.95 19.44 
  Springbok GP -29.70 18.03 
  Sutherland SL -32.40 20.90 
  Three Sisters TS -24.63 30.78 
      
Eastern Cape Alice AL -32.79 26.85 
  Dohne DE -32.53 27.46 
  East London EL -33.01 27.70 
  Fort Beaufort FB -32.78 26.63 
  Hogsback HB -32.59 26.92 
  The Croft TC -32.55 27.37 
      
Gauteng Kaalplaas KP -25.63 28.17 
  Rietvlei RV -25.70 26.67 
      
North West Mooinooi MN -25.47 27.33 
  Woodside WS -26.09 25.36 
      
KwaZulu-Natal Albert Falls AF -29.47 30.40 
  Chelmsford CF -27.96 29.93 
  Inkunzi Lodge IN -28.56 31.24 
  Mt Gilboa MG -29.94 30.29 
  Mt Shannon MS -29.65 29.94 
  Vernon Crookes VC -30.27 30.59 
  Vryheid VH -27.75 30.80 
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Table B.4 Primers used for PCR amplification of the two gene fragments (see Whiting, 2002). 
Mitochondrial COII regions were amplified via a ‘cold start’ reaction consisting of a 
denaturation cycle of 1 min at 95°C followed by a 10 cycle loop of 1 min at 95, 45, and 72°C, 
respectively. A 30 cycle loop was then performed with denaturation for 1min at 93°C followed 
by annealing for 1 min at the primer specific temperature, and 1 min extension at 72°C, 
followed by a final extension period of 5 min at 72°C. General PCR cycling conditions for the 
nuclear EF1-α region included an initial denaturation of 5 min at 94°C followed by 40 cycles 
of 30 s denaturation at 94°C, 45 s annealing at primer specific temperature, and 1 min extension 
at 72°C, followed by a final extension period of 7 min at 72°C. 
Gene Primer F/R Sequence (5'-3') Annealing temperature (°C) 
COII COII-2a F ATAGAKCWTCYCCHTTAATAGAACA 50-52°C 
 COII-9b R GTACTTGCTTTCAGTCATCTWATG 50-52°C 
EF1-α EF-1a M 44-1 F GCTGAGCGYGARCGTGGTATCAC 59.8°C 
 EF-1a rcM 4.0 R ACAGVCACKGTYTGYCTCATRTC 59.8°C 
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Table B.5 List indicating outgroups used for each calibration point in divergence dating with 
the respective GenBank accession numbers. 
Calibration GenBank accession number 
Calibration 1: Pulex  
Pulex irritans AF424041.1 
Ctenocephalides canis AF424040.1 
  
Calibration 2: Rhopalopsyllus  
Tiamastus cavicola EU335990.1 
Parapsyllus longicornis EU335985.1 
  
Calibration 3: Paleopsylla  
Ctenophthalmus sanborni EU335991.1 
Ctenophthalmus formosanus EU336024.1 
  
Stellenbosch University  https://scholar.sun.ac.za
128 
 
Table B.6 A list of 10 characters assessed for each lineage with scores and morphological key 
from which it was extracted. 
 Character Key 
Genal comb (1) 5 conspicuous blunt spines (0) 1 small inconspicuous spine Segerman 1995 
5th tarsal segment in 
males 
(1) 4 pairs of lateral plantar 
bristles, 1 pair of pre-apical 
plantar spiniforms on fore- and 
mid 5th tarsi 
(0) 5 pairs of lateral plantar 
bristles, at least 6 pre-apical 
plantar spiniforms on fore- and 
mid 5th tarsi 
Segerman 1995 
Frons (1) Short, strongly rounded (0) Longer, less strongly rounded Segerman 1995 
Vestigial tubercle (1) About middle of frons (0) Above middle of frons Segerman 1995 
Abdominal bristles (1) Exceptionally long, main row 
reaching to or beyond bases of 
those in succeeding segment 
(0) Shorter, main row not 
reaching bases of those in 
succeeding segement 
Segerman 1995 
Size (1) Male less than 3 mm long, 
female less than 3.5 mm 
(0) Usually considerably larger Hopkins & Rothschild 1966  
Male sternite VIII (1) Emarginate dorso-posteriorly 
to form rounded-off right angle 
(0) Wholly rounded except for 
small ventral sinus 
Hopkins & Rothschild 1966  
Male sternite IX (1) Hardly expanded distally (0) Clearly expanded distally Segerman 1995 
Female spermetheca (1) Tail noticeably longer than 
bulga 
(0) Shorter hilla Segerman 1995 
Male crochet 
phallosome 
(1) Broad, smoothly rounded, 
truncate or slightly expanded 
apically 
(0) More slender, tapered or 
sharply pointed 
Segerman 1995 
Pronotum (1) 2 rows of bristles (0) 3 rows of bristles Segerman 1995 
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Table B.7 Hosts sampled, hosts sampled with D. ellobius, subsampled fleas, and the number of individuals of the two lineages from our subsample. 
Locality Code Host species Total host Hosts with D. ellobius Total D. ellobius Subsampled fleas D1 (D. abaris) D2 (D. ellobius) 
Anysberg AB Rhabdomys pumilio 14 0 0 0 0 0 
  Micealamys namaquensis 8 0 0 0 0 0 
  Otomys karoensis 4 0 0 0 0 0 
  Myotomys unisulcatus 5 0 0 0 0 0 
  Gerbillurus paeba 3 0 0 0 0 0 
  Myosorex varius 1 1 7 6 6 0 
   35 1 7 6 6 0 
         
Bloubergstrand BB Gerbillurus paeba 3 3 8 8 0 8 
   3 3 8 8 0 8 
         
Hottentotsholland HT Rhabdomys pumilio 9 1 2 1 1 0 
  Micealamys namaquensis 21 7 15 7 7 0 
  Mus minutoides 1 0 0 0 0 0 
  Otomys irroratus 1 0 0 0 0 0 
   32 8 17 8 8 0 
         
Vanrhynsdorp VR Rhabdomys pumilio 25 2 3 2 2 0 
  Micealamys namaquensis 4 3 7 5 5 0 
  Mus musculus 1 0 0 0 0 0 
  Otomys irroratus 1 0 0 0 0 0 
   31 5 10 7 7 0 
         
Alice AL Rhabdomys dilectus 6 2 4 4 3 1 
  Otomys irroratus 7 3 3 3 0 3 
  Rattus rattus 2 0 0 0 0 0 
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Locality Code Host species Total host Hosts with D. ellobius Total D. ellobius Subsampled fleas D1 (D. abaris) D2 (D. ellobius) 
continued…  Mastomys natalensis 14 6 6 5 0 5 
   29 11 13 12 3 9 
         
Dohne DE Rhabdomys dilectus 32 21 78 11 0 11 
  Otomys irroratus 8 8 91 2 0 2 
  Shrew spp. 6 1 1 1 0 1 
   46 30 170 14 0 14 
         
East London EL Rhabdomys dilectus 24 2 3 1 0 1 
  Otomys irroratus 4 0 0 0 0 0 
  Myotomys unisulcatus 1 0 0 0 0 0 
  Mus musculus 4 0 0 0 0 0 
  Mastomys natalensis 6 5 8 5 0 5 
   39 7 11 6 0 6 
         
Fort Beaufort FB Rhabdomys pumilio 8 1 2 2 2 0 
  Rhabdomys dilectus 8 3 3 2 2 0 
  Micealamys namaquensis 27 3 3 2 1 1 
  Otomys irroratus 10 2 2 2 2 0 
  Mus munitoides 1 0 0 0 0 0 
  Saccostomys campestris 1 0 0 0 0 0 
  Shrew spp. 2 0 0 0 0 0 
   57 9 9 8 7 1 
         
The Croft TC Rhabdomys dilectus 25 18 66 10 0 10 
  Otomys irroratus 26 8 26 2 0 2 
  Shrew spp. 3 1 1 1 0 1 
   54 27 93 13 0 13 
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Locality Code Host species Total host Hosts with D. ellobius Total D. ellobius Subsampled fleas D1 (D. abaris) D2 (D. ellobius) 
continued…         
Kaalplaas KP Rhabdomys dilectus 97 * * * * * 
  Otomys irroratus 1 * * * * * 
  Mus musculus 1 * * * * * 
  Mastomys natalensis 44 * * * * * 
  Shrew spp. 11 * * * * * 
  Dasymys spp. 4 * * * * * 
   158 10 19 3 0 3 
         
Rietvlei RV Rhabdomys dilectus 24 1 1 1 0 1 
  Otomys irroratus 2 0 0 0 0 0 
  Mastomys natalensis 18 5 6 1 0 1 
  Shrew spp. 9 0 0 0 0 0 
   53 6 7 2 0 2 
         
Mooinooi MN Lemniscomys rosalia 14 0 0 0 0 0 
  Mastomys natalensis 21 2 4 3 0 3 
  Aethomys chrysophilus 8 2 2 0 0 0 
  Mus minutoides 7 2 2 2 0 2 
  Steatomys pratensis 10 0 0 0 0 0 
  Shrew spp. 3 0 0 0 0 0 
   63 6 8 5 0 5 
         
Woodside WS Tatera brantsii 20 6 12 8 8 0 
  Mus indutus 4 0 0 0 0 0 
   24 6 12 8 8 0 
         
Chelmsford CF Rhabdomys dilectus 23 0 0 0 0 0 
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Locality Code Host species Total host Hosts with D. ellobius Total D. ellobius Subsampled fleas D1 (D. abaris) D2 (D. ellobius) 
continued…  Mastomys natalensis 4 2 8 5 0 5 
  Crocidura muriquensis 9 2 2 0 0 0 
  Otomys angoniensis 3 0 0 0 0 0 
   39 4 10 5 0 5 
         
Inkunzi Lodge IN Rhabdomys dilectus 9 0 0 0 0 0 
  Mastomys natalensis 9 4 6 6 0 6 
  Aethomys chrysophilus 4 3 20 7 0 7 
  Micealamys namaquensis 3 1 1 0 0 0 
  Rattus rattus 3 0 0 0 0 0 
  Myosorex varius 2 1 3 3 0 3 
  Otomys irroratus 1 0 0 0 0 0 
  Otomys angoniensis 1 0 0 0 0 0 
   32 9 30 16 0 16 
         
Mt Gilboa MG Rhabdomys dilectus 27 15 44 7 0 7 
  Otomys irroratus 17 10 23 7 0 7 
  Shrew spp. 6 3 7 1 0 1 
   50 28 74 15 0 15 
         
Mt Shannon MS Rhabdomys dilectus 30 6 10 5 0 5 
  Otomys irroratus 12 0 0 0 0 0 
  Shrew spp. 3 0 0 0 0 0 
   45 6 10 5 0 5 
         
Vernon Crookes VC Rhabdomys dilectus 16 3 3 3 0 3 
  Mastomys natalensis 3 1 3 3 0 3 
  Shrew spp. 7 0 0 0 0 0 
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Locality Code Host species Total host Hosts with D. ellobius Total D. ellobius Subsampled fleas D1 (D. abaris) D2 (D. ellobius) 
continued…   26 4 6 6 0 6 
         
Vryheid VH Rhabdomys dilectus 3 0 0 0 0 0 
  Micealamys namaquensis 2 1 2 1 1 0 
  Mastomys natalensis 4 1 5 3 3 0 
  Lemniscomys rosalia 1 0 0 0 0 0 
  Crocidura flavescens 1 0 0 0 0 0 
  Mus musculus 1 0 0 0 0 0 
  Grammomys spp. 1 0 0 0 0 0 
  Shrew spp. 1 0 0 0 0 0 
   14 2 7 4 4 0 
         
19 localities   23 species 830 182 521 151 43 108 
* Could not determine which host the samples were sequenced from.
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Table B.8 Collinearity among the 19 final individual predictor variables. All final predictor variables had correlation values below 0.7 or above - 
0.7. 
Predictor 
variable 
DT6 DT7 DTMIN LAI3 LAI4 NDVI4 NDVI7 RF4 RF6 RF7 RFMIN RFMAX WV4 WV5 WV6 WVMIN SPS SOC SPH 
DT6 1.00 0.49 -0.36 0.23 0.11 0.45 0.17 0.10 0.07 0.09 0.08 -0.14 -0.02 0.48 -0.25 0.01 -0.40 0.21 -0.13 
DT7 0.49 1.00 0.13 0.22 0.42 0.43 0.26 -0.36 -0.31 0.22 -0.07 -0.17 0.32 -0.04 -0.34 0.14 0.00 -0.13 0.00 
DTMIN -0.36 0.13 1.00 0.01 0.23 0.11 0.12 -0.30 -0.24 0.03 -0.24 0.28 0.51 -0.28 0.02 0.15 0.33 -0.52 -0.09 
LAI3 0.23 0.22 0.01 1.00 0.42 0.34 0.22 -0.09 -0.20 -0.07 -0.02 0.23 0.22 0.39 -0.39 0.11 -0.25 0.07 -0.24 
LAI4 0.11 0.42 0.23 0.42 1.00 0.30 0.51 -0.39 -0.36 0.08 -0.01 0.07 0.38 -0.06 -0.32 0.16 0.02 -0.08 -0.16 
NDVI4 0.45 0.43 0.11 0.34 0.30 1.00 0.09 -0.15 -0.19 -0.10 0.07 0.22 0.31 0.17 -0.39 0.39 -0.26 0.15 -0.31 
NDVI7 0.17 0.26 0.12 0.22 0.51 0.09 1.00 -0.13 -0.41 0.13 0.00 0.08 0.15 0.13 -0.08 0.04 0.08 -0.04 -0.30 
RF4 0.10 -0.36 -0.30 -0.09 -0.39 -0.15 -0.13 1.00 0.36 -0.15 0.02 -0.07 -0.45 0.31 0.26 -0.11 -0.06 0.09 0.03 
RF6 0.07 -0.31 -0.24 -0.20 -0.36 -0.19 -0.41 0.36 1.00 -0.14 0.06 -0.24 -0.31 0.20 0.11 -0.30 -0.18 0.16 0.30 
RF7 0.09 0.22 0.03 -0.07 0.08 -0.10 0.13 -0.15 -0.14 1.00 -0.05 -0.25 -0.11 -0.24 0.37 -0.19 0.09 -0.26 0.24 
RFMIN 0.08 -0.07 -0.24 -0.02 -0.01 0.07 0.00 0.02 0.06 -0.05 1.00 -0.01 -0.16 0.03 0.01 0.15 -0.07 0.32 -0.08 
RFMAX -0.14 -0.17 0.28 0.23 0.07 0.22 0.08 -0.07 -0.24 -0.25 -0.01 1.00 0.24 0.10 -0.13 0.39 -0.20 0.14 -0.58 
WV4 -0.02 0.32 0.51 0.22 0.38 0.31 0.15 -0.45 -0.31 -0.11 -0.16 0.24 1.00 -0.08 -0.38 0.16 0.01 -0.18 -0.24 
WV5 0.48 -0.04 -0.28 0.39 -0.06 0.17 0.13 0.31 0.20 -0.24 0.03 0.10 -0.08 1.00 -0.37 -0.20 -0.25 0.26 -0.29 
WV6 -0.25 -0.34 0.02 -0.39 -0.32 -0.39 -0.08 0.26 0.11 0.37 0.01 -0.13 -0.38 -0.37 1.00 -0.30 0.21 -0.25 0.23 
WVMIN 0.01 0.14 0.15 0.11 0.16 0.39 0.04 -0.11 -0.30 -0.19 0.15 0.39 0.16 -0.20 -0.30 1.00 -0.13 0.25 -0.41 
SPS -0.40 0.00 0.33 -0.25 0.02 -0.26 0.08 -0.06 -0.18 0.09 -0.07 -0.20 0.01 -0.25 0.21 -0.13 1.00 -0.47 -0.04 
SOC 0.21 -0.13 -0.52 0.07 -0.08 0.15 -0.04 0.09 0.16 -0.26 0.32 0.14 -0.18 0.26 -0.25 0.25 -0.47 1.00 -0.31 
SPH -0.13 0.00 -0.09 -0.24 -0.16 -0.31 -0.30 0.03 0.30 0.24 -0.08 -0.58 -0.24 -0.29 0.23 -0.41 -0.04 -0.31 1.00 
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Table B.9 List of predictor variables indicating their respective reference codes. 
Predictor variable Reference code 
6th harmonic component of daytime land surface temperature DT6 
7th harmonic component of daytime land surface temperature DT7 
Minimum daytime land surface temperature DTMIN 
3rd harmonic component of daily LAI LAI3 
4th harmonic component of daily LAI LAI4 
4th harmonic component of daily NDVI NDVI4 
7th harmonic component of daily NDVI NDVI7 
4th harmonic component of daily rainfall RF4 
6th harmonic component of daily rainfall RF6 
7th harmonic component of daily rainfall RF7 
Minimum rainfall RFMIN 
Maximum rainfall RFMAX 
4th harmonic component of daily water vapour WV4 
5th harmonic component of daily water vapour WV5 
6th harmonic component of daily water vapour WV6 
Minimum water vapour WVMIN 
Soil percentage sand SPS 
Soil organic carbon SOC 
Soil pH SPH 
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